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Via the application of parallel magnetic field, we induce a single-layer to bilayer transition in
two-dimensional electron systems confined to wide GaAs quantum wells, and study the geometric
resonance of composite fermions (CFs) with a periodic density modulation in our samples. The
measurements reveal that CFs exist close to bilayer quantum Hall states, formed at Landau level
filling factors ν = 1 and 1/2. Near ν = 1, the geometric resonance features are consistent with half
the total electron density in the bilayer system, implying that CFs prefer to stay in separate layers
and exhibit a two-component behavior. In contrast, close to ν = 1/2, CFs appear single-layer-like
(single-component) as their resonance features correspond to the total density.

A clean two-dimensional electron system (2DES), at
low temperature and under perpendicular magnetic field
(B⊥) which quenches the kinetic energy into the dis-
crete Landau levels, displays many exciting phases as a
function of Landau level filling factor ν (number of elec-
trons per flux quantum). Examples include the integer
and fractional quantum Hall states (IQHS and FQHS),
Fermi sea of composite fermions (CFs), spin texture
Skyrmions, stripe and bubble phases, and Wigner crys-
tal [1, 2]. The introduction of a “layer” component adds
to the rich physics as inter- and intra-layer interactions
lead to yet more phases such as bilayer Wigner crys-
tal [3, 4] as well as QHSs at total filling factor ν = 1
and 1/2 which are believed to be the two-component
Ψ111 and Ψ331 states, respectively [5–28]. Here,
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the two-component Laughlin wave function [29, 30]. In
this generalized description, z and w correspond to the
complex coordinates of an electron in the different lay-
ers while the exponents (m,m′, n) characterize the wave
function. These bilayer QHSs continue to be widely stud-
ied thanks to their many remarkable properties. In par-
ticular, the ν = 1 Ψ111 QHS phase is generally under-
stood to be a Bose-Einstein condensate of excitons (in-
terlayer pairing of electrons and holes) which exhibits
superfluid transport and interlayer tunneling behavior,
similar to the d.c. Josephson effect [15–17, 24]. As
for the ν = 1/2 QHS observed in wide single quantum
wells, although generally considered to be the Ψ331 state,
there is still a debate on whether it might have a single-
component (Pfaffian) origin [6, 9, 10, 18–23, 26, 28].

Here we probe the bilayer QHSs at ν = 1 and 1/2 us-
ing the Fermi gas properties of CFs at nearby fillings.
CFs are exotic electron-flux quasi-particles near ν = 1/2
in single-layer 2DESs that elegantly describe the physics
of strongly interacting electrons [1, 2, 31, 32]. Recently,
CFs, and in particular whether or not they are particle-
hole symmetric, have received intense attention [33–41].
In the CF picture, each electron combines with two flux-
quanta. As a result, CFs feel zero net B⊥ at ν = 1/2.

Away from ν = 1/2, however, they are subjected to the
effective magnetic field B∗⊥ = B⊥ − B⊥,1/2 [42] where
B⊥,1/2 is the field at ν = 1/2. Thanks to this reduction
in flux density, the neighboring FQHSs can be interpreted
as the IQHSs of CFs [1, 31]. The flux attachment also
explains the compressible state observed at ν = 1/2 in
terms of a CF Fermi gas [32]. This Fermi gas state ex-
tends to the vicinity of ν = 1/2 much like that of electrons
near B⊥ = 0. Many experimental studies have confirmed
the existence of a CF Fermi sea near ν = 1/2 via the ge-
ometric resonance (GR) of CFs’ cyclotron orbit with a
periodic modulation of the 2DES density [33, 43–51].

According to a recent study, signatures of CFs are also
seen near total filling ν = 1/2 in bilayer samples exhibit-
ing a QHS at ν = 1/2 [26]. Surprisingly, the observed GR
features correspond to the total density in the bilayer
system, suggesting a single-layer (or single-component)
behavior for CFs [26]. This is particularly puzzling, if
the nearby ν = 1/2 QHS is indeed the two-component
(Ψ331) state. Here, we examine the fate of CFs near an-
other bilayer QHS, namely the QHS at ν = 1 which is
also believed to be a two-component (Ψ111) state. In
sharp contrast to the ν = 1/2 case, our GR features are
consistent with half of the total density, revealing that
CFs split into two layers near the bilayer QHS at ν = 1.

In our measurements we apply a large parallel mag-
netic field (B||) to tune the charge distribution and tun-
neling in our samples (Fig. 1). Without any B||, elec-
trons confined in a wide quantum well (QW) such as ours
can be viewed as essentially a single-layer-like 2DES, or
as two strongly coupled 2DESs with abundant interlayer
tunneling (Fig. 1(a)). By tilting the sample at angle
θ (as shown in (Fig. 1(c)), we apply B|| which couples
to the electron system through its finite layer thickness
and adds an extra out-of-plane confinement, leading to a
bilayer charge distribution with significantly suppressed
interlayer tunneling (Fig. 1(b)) [14, 25, 52, 53]. There-
fore, by changing θ and adjusting both B|| and B⊥, one
can study the evolution of the 2DES from a single-layer to
a bilayer and the stability of its phases at various ν [54].
In this work, we probe the QHSs and CFs near ν = 1 as
well as ν = 1/2 as the system makes its single-layer to a
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FIG. 1. (color online) Self-consistently calculated charge dis-
tribution of a 2DES confined to a 50-nm-wide QW with den-
sity n = 1.7 × 1011 cm−2 for (a) B|| = 0 and (b) 15 T. In
both cases, we assume that B⊥ = 0 T. (c) Schematics of the
L-shaped Hall bar used in our study. The blue lines repre-
sent the surface superlattice. The sample is tilted in field at
angle θ to introduce an in-plane field component (B||). The
sample’s geometry allows measurement of magnetoresistance
along (Rxx) and perpendicular (Ryy) to B||.

bilayer transition at sufficiently large θ.

Our sample, grown via molecular beam epitaxy, is a
50-nm-wide GaAs (001) QW located 190 nm under the
surface. The QW is flanked on each side by 150-nm-thick
Al0.24Ga0.76As spacer and Si δ-doped layers. The low-
temperature 2DES density is n = 1.71× 1011 cm−2, and
the mobility is ' 107 cm2/Vs. We partially pattern the
surface of the sample, an L-shaped Hall bar (Fig. 1(c)),
by fabricating a strain-inducing superlattice of 200 nm
period. The superlattice, made of negative electron-beam
resist, imparts a density modulation of the same period
to the 2DES through the piezoelectric effect in GaAs [55–
57]. We pass current perpendicular to the density mod-
ulation (Fig. 1(c)). Whenever the CFs’ cyclotron orbit
diameter (2R∗c) becomes commensurate with the modula-
tion period (a), a GR should manifest in the magnetore-
sistance as a minimum. Since 2R∗c = 2~k∗F /eB∗⊥, the B∗⊥-
positions of the resistance minima directly yield the CFs’
Fermi wave vector k∗F . For a fully spin-polarized, circu-
lar Fermi contour, the expected positions of these minima
are given by the condition 2R∗c/a = i + 1/4 [33, 47–51],
where i is an integer, k∗F =

√
4πn∗, and n∗ is the CF den-

sity. Throughout this manuscript, Rxx,pat and Ryy,pat

refer to the longitudinal magnetoresistance of the pat-
terned regions located on perpendicular arms of our Hall
bar sample, and Rxx,ref and Rxy,ref represent the refer-
ence (unpatterned) region’s longitudinal and transverse
(Hall) magnetoresistances, respectively (Fig. 1(c)).

First, we present Rxx,ref and Rxx,pat traces taken at
B|| = 0 (Fig. 2). The traces resemble those of a standard,
single-layer 2DES [51]. Near ν = 1/2, the Rxx,pat trace
exhibits features that are absent in the Rxx,ref trace.
These features are shown magnified in the inset where a
V-shaped resistance dip is followed by one or more resis-
tance minima, characteristic of the GR phenomena. We
mark with green lines the expected positions of the i = 1
and 2 resistance minima according to the commensura-
bility condition mentioned earlier [58]. The resistance
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FIG. 2. (color online) (a) Rxx,ref (black) and Rxx,pat (red)
traces, measured at θ = 0◦, i.e., B|| = 0. There are clear
signatures of geometric resonance of CFs near ν = 1/2 and
1/4 in the Rxx,pat trace. Inset: Magnified Rxx,pat trace near
ν = 1/2. The green lines mark the expected positions of the
i = 1 CF geometric resonance features (see text).

minima closely follow their expected positions based on
a single-layer 2DES, evincing that at B|| = 0 our 2DES
is indeed single-layer-like. Note that the i = 1 and 2 as-
signments of the GR features in Fig. 2 and other cases
in the manuscript can be verified by the ratio of their
respective B∗⊥-positions. For example, such ratio in Fig.
2 inset is 1.9 which is very close to the expected value of
B∗⊥,i=1/B

∗
⊥,i=2 (= 2.25/1.25 = 1.80) confirming that this

assignment is indeed correct.

Figure 3 illustrates the evolution of the ground-state
near ν = 1 as a function of B||. In Fig. 3(a), the θ = 0◦

Rxx,pat trace (red) shows a wide minimum at ν = 1 that
reaches zero and no signatures of GR features. (As seen
in Fig. 2, Rxx,ref also shows a wide, zero-resistance min-
imum at ν = 1.) We also observe a wide plateau in the
Rxy,ref trace (blue); these are characteristics of a strong
ν = 1 IQHS, expected for a single-layer 2DES. In con-
trast, as B|| is increased to ∼ 15 T at θ = 66◦ (Fig. 3(d)),
the Rxx,ref trace (black) shows a broad and shallow mini-
mum, superimposed on an increasing background, across
ν = 1 while no plateau is observed in Rxy,ref , indicating
that the ground-state is now compressible, i.e., the QHS
is replaced by a CF Fermi sea. The patterned regions’
traces in Fig. 3(d) show additional resistance minima
(marked by vertical lines) on both sides of ν = 1. These
features, which are absent in the Rxx,ref trace, stem from
the GR of CFs.

The Rxx,pat and Ryy,pat traces in Fig. 3(d), measured
from the perpendicular arms of the L-shaped Hall bar
(see Fig. 1(c)), probe the CF Fermi wave vectors per-
pendicular and parallel to B||, respectively. In Fig. 3(d)
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FIG. 3. (color online) (a)-(d) Magnetoresistance traces near ν = 1 at different θ. The Rxx,ref and Rxy,ref traces are shown in
black and blue, respectively. The Rxx,pat (red) and Ryy,pat (green) traces correspond to current passing along and perpendicular
to B|| (Fig. 1(c)). For clarity, the traces are offset vertically. We also include the self-consistently calculated (assuming B⊥ = 0
T) charge distributions for B|| = 0 and 15 T in the insets of (a) and (d).
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FIG. 4. (color online) Magnetoresistance data near ν = 1/2
at θ = 0◦ (lower two traces) and 46◦ (upper four traces). The
black and blue traces correspond to the reference region while
the red and green traces are for the patterned regions. On the
right, we also show the self-consistently calculated (assuming
B⊥ = 0) charge distributions for B|| = 0 and 15 T. Traces are
shifted vertically for clarity.

traces, the i = 1 and 2 resistance minima in Rxx,pat are
positioned further from ν = 1 compared to Ryy,pat. This
is consistent with the B||-induced distortion of the CFs’
Fermi contour which shrinks along B|| and gets elongated
in the perpendicular direction [50, 51]. The positions of
these GR features yield k∗F along the two principal axes
of the Fermi contour. Assuming an elliptical shape for
the distorted Fermi contour of CFs [59], the deduced k∗F
from Fig. 3(d) translate to a CF density of 9×1010 cm−2.
This is approximately (to within 5%) equal to half of the
total carrier density, confirming that the charge distribu-
tion near ν = 1 is bilayer-like for B|| ' 15 T. Therefore,
the GR features near ν = 1 originate from two parallel
layers each at ν = 1/2. The charge distribution presented
in the Fig. 3(d) inset also corroborates our observation

as it clearly shows two distinct layers at B|| = 15 T, each
possessing half of the total density.

Data taken at slightly smaller values of θ display more
intriguing behavior. As the tunneling is increased by
decreasing B|| (see the θ = 63◦ traces in Fig. 3(c)), the
ground-state at ν = 1 evolves back to a QHS as evidenced
by the relatively deep and sharp Rxx,ref minimum and
the developing Rxy,ref plateau. However, we still ob-
serve GR features (vertical marks) very near ν = 1 in
the Rxx,pat and Ryy,pat traces similar to the θ = 66◦ case.
These features too correspond to half density, suggesting
that the charge distribution is still bilayer-like. Similar
behavior is also confirmed in the θ = 61◦ Rxx,pat traces
of Fig. 3(b) by the presence of GR features surround-
ing the very strong QHS at ν = 1. These GR features,
which are consistent with a bilayer charge distribution in
the vicinity of ν = 1, imply that the observed QHS at
ν = 1 for θ = 63◦ and 61◦ is also of bilayer origin and is
therefore the two-component Ψ111 state.

The formation of a B||-induced Ψ111 state, close to the
θ at which the ν = 1 QHS collapses, is consistent with the
density-induced evolution (at B|| = 0) in wide QW sys-
tems [11]. As the 2DES density is increased to sufficiently
high values to render the charge distribution bilayer-like,
the ground-state at ν = 1 undergoes a phase transition
from QHS to a compressible state. It was argued in Ref.
[11] that the ν = 1 QHS observed near this phase bound-
ary is not the single-component IQHS but rather the Ψ111

state. The temperature dependence of the ν = 1 QHS
near the boundary, quite different from that of the single-
component QHS at lower densities, was considered as the
main evidence [11]. The GR features we report here very
near ν = 1 provide a more direct signature for the Ψ111

state by confirming its bilayer characteristics for θ = 63◦

and 61◦. The results also indicate that, while the system
creates an exciton condensate at ν = 1 in the form of a
Ψ111 QHS [24], slightly away from ν = 1 it morphs into
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a bilayer (two-component) Fermi gas of CFs [60, 61].

Figure 3 also shows that the QHS at ν = 1 gets
stronger as θ is decreased. This is consistent with the
increase in interlayer tunneling which is expected to
strengthen the ν = 1 QHS. In contrast, as θ is decreased
from 66◦, the GR features of CFs near ν = 1 become
progressively weaker and eventually disappear at θ = 59◦

(data not shown). The diminishing amplitude of the GR
features suggests that, as interlayer tunneling increases
with decreasing B||, the two-component CF phase be-
comes unstable. This observation is in agreement with
Ref. [62].

Data presented so far offer conclusive evidence that
CFs near the two-component Ψ111 QHS are also two-
component. In contrast, as illustrated in Fig. 4, similar
measurements near ν = 1/2 provide a stark difference.
From Fig. 2 traces of Rxx,ref and Rxx,pat, we know that
the ground-state at and near ν = 1/2 for B|| = 0 is a CF
Fermi sea. Moreover, the GR features, which are consis-
tent with the total density, confirm the single-component
nature of CFs near ν = 1/2. To compare with ν = 1, we
show data (Fig. 4) for B|| ' 15 T; this corresponds to
θ = 46◦ for ν = 1/2. At this θ, away from ν = 1/2,
the Rxx,pat (red) and Ryy,pat (green) traces show pro-
nounced GR features (vertical lines marking i = 1 and
2). Similar to the ν = 1 case, the positions of these fea-
tures reflect the B||-induced distortion in the CF Fermi
contour. However, unlike ν = 1, the deduced CF density
of 1.65×1011 cm−2 agrees well with the total carrier den-
sity (within 4%) suggesting that the CFs near ν = 1/2
stay single-component even up to B|| ∼ 15 T.

In the reference region’s traces, at θ = 46◦ we observe
a sharp minimum in Rxx,ref and a developing plateau
in Rxy,ref at ν = 1/2 (Fig. 4). Considering the θ = 0◦

Rxx,ref and Rxy,ref traces, which show none of these fea-
tures, we conclude that B|| has induced a bilayer FQHS
at ν = 1/2, presumably the two-component Ψ331 state
[14, 25]. Note that, the ν = 1/2 FQHS is stronger at
lower temperatures as reported in Ref. [25]. The data of
Fig. 4 establish that, although the ground-state of the
electron system at ν = 1/2 at θ = 46◦ is a bilayer QHS,
slightly away from ν = 1/2, CFs still behave as single-
layer-like (single-component). Similar observations were
made for a 2DES, confined to a 65-nm-wide GaAs QW,
with density ∼ 1.8 × 1011 cm−2 [26] at θ = 0◦, as men-
tioned near the beginning of the manuscript. In that
case, the wider well width results in a bilayer-like charge
distribution and a ν = 1/2 QHS without any B||. The
consistency of CFs’ single-component nature near the bi-
layer QHS at ν = 1/2 (for both the B||-induced and the
B|| = 0 cases) strengthens our finding that CFs behave
differently near the bilayer QHSs at ν = 1 and ν = 1/2.
(The single-component CFs near ν = 1/2 should eventu-
ally become two-component under very large B||. How-
ever, we are unable to detect them in our measurements.
At such large values of B||, the system prefers a bilayer

Wigner crystal phase [3, 4, 25], manifested by very large
resistance values and the disappearance of GR features.)

In conclusion, there is a phase transition into a CF
Fermi gas state very near the bilayer QHSs at ν = 1
and 1/2. While CFs favor a two-component state near
ν = 1, they stay single-component near ν = 1/2. We
note that such two- versus single-component contrast be-
tween ν = 1 and 1/2 in a bilayer system also extends to
the FQHSs observed further away from the GR features.
For example, the ν = 6/5 and 4/5 FQHSs near the Ψ111

state are two-component [53] while the ν = 3/5, 5/9 and
5/11 FQHSs near the ν = 1/2 QHS are single-component
[9, 25]. The GR features of CFs, together with these sur-
rounding FQHSs of similar characteristics, thus suggest
that while the bilayer QHS at ν = 1 is two-component,
the ν = 1/2 QHS might be single-component.
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