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We study a bilayer GaAs hole system that hosts two distinct many-body phases at low temper-
atures and high perpendicular magnetic fields. The higher-density (top) layer develops a Fermi sea
of composite fermions (CFs) in its half-filled lowest Landau level, while the lower-density (bottom)
layer forms a Wigner crystal (WC) as its filling becomes very small. Owing to the inter-layer inter-
action, the CFs in the top-layer feel the periodic Coulomb potential of the WC in the bottom-layer.
We measure the magnetoresistance of the top-layer while changing the bottom-layer density. As the
WC layer density increases, the resistance peaks separating the adjacent fractional quantum Hall
states in the top-layer change nonmonotonically and attain maximum values when the cyclotron
orbit of the CFs encloses one WC lattice point. These features disappear at T' = 275 mK when the
WC melts. The observation of such geometric resonance features is unprecedented and surprising
as it implies that the CFs retain a well-defined cyclotron orbit and Fermi wavevector even deep in
the fractional quantum Hall regime, far from half-filling.

When a strong perpendicular magnetic field (B)
quenches the kinetic energy of clean two-dimensional
(2D) electrons at low temperature and the Coulomb in-
teraction becomes dominant, the system exhibits a vari-
ety of quantum ground states at different filling factors,
v [1-4]. At very large B, when v < 1/5, the electrons
form a Wigner crystal (WC) [5-18], which manifests as
an insulating phase in transport measurements because
the WC is pinned to the ubiquitous disorder potential.
At higher, odd-denominator fillings, the electrons con-
dense into incompressible fractional quantum Hall states
(FQHSS) [1-4]. These are elegantly described by compos-
ite fermions (CFs), quasi-particles consisting of an even-
number flux quanta and an electron [4, 19, 20]. Thanks
to the flux attachment, at v = 1/2 the CFs feel a zero
effective magnetic field (B*) and occupy a Fermi sea with
a well-defined Fermi wavevector. This is evinced in ex-
periments on samples with a periodic potential modu-
lation where the geometric resonance (GR) of the CFs’
cyclotron orbit diameter with the period of the modula-
tion is observed [4, 21-27]. Further away from v = 1/2,
when B* becomes large, the CF picture accounts for the
FQHSs as the integer QHS of CFs [4, 19].

A recent study of an asymmetric electron bilayer sys-
tem hosting CFs in one layer and a WC in the other
layer revealed a glimpse of the microscopic structure of
the WC [18]. As schematically shown in Figs. 1(a) and
1(b), the Coulomb potential of the WC electrons imposes
a periodic potential modulation on the adjacent CF layer.
As a result, whenever the CFs’ cyclotron orbits enclose a
certain number (i = 1,3,7) of the potential modulation
points, the CF layer’s magnetoresistance exhibits a GR
maximum. The B* positions of these maxima are con-
sistent with the period of a WC arranged in a triangular
lattice. Moreover, the GR features weaken with increas-
ing temperature and disappear above ~ 200 mK as the
WC melts.

Here, we study a bilayer hole system hosting a hole
WC in one layer and hole-flux CFs in the other. Com-

pared to the electron system, because of the larger ef-
fective mass and the stronger Landau level mixing for
holes, the hole WC forms in the bottom-layer at much
higher fillings [15, 28-30]. The WC lattice at a higher
filling means a smaller WC period, and thus causes the
GR of CFs in the top layer to occur for smaller cyclotron
orbits or, equivalently, for larger B*. This leads to the
GR features permeating into the regime where the strong
FQHSs develop. Surprisingly, we observe that the re-
sistance of the compressible states positioned between
strong FQHSs changes with the WC layer density. In
particular, it exhibits a maximum when the primary GR
condition is satisfied, i.e., the CFs’ cyclotron orbit en-
closes one WC lattice point [see Fig. 1(b)]. The results
have an intriguing implication: The CFs retain a well-
defined Fermi wavevector even in the regime where strong
FQHSs are observed.

The double-quantum-well structure used in our exper-
iments is grown on a GaAs (001) substrate via molec-
ular beam epitaxy. The two GaAs quantum wells are
each 20-nm-thick, and are separated by a 50-nm-thick
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FIG. 1. (a) Schematic of a bilayer system consisting of CF
(near v = 1/2) and WC (v < 1) layers in a strong B. The WC
layer imposes a periodic potential modulation on the CF layer.
(b) The CFs in a finite effective magnetic field (B*) exhibit a
GR feature, i.e. a maximum in the magnetoresistance, when
their cyclotron orbit encircles 1, 3, ... lattice points. In our
sample we observe the i =1 GR.
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FIG. 2. (a) Magnetoresistance traces between v = 2/3 and 3/7 at different Vea. The B-axis scale is for the lowest trace
(top-layer density pr = 1.42 x 10" ecm™2); B for the other traces is normalized according to their measured pr [see panel
(e)] to align v. The other traces are shifted also vertically, and the applied Vee and the measured bottom-layer density (ps)
are indicated for each trace. (b) The evolution of the resistance peaks indicated as A, B, C in (a) as well as the resistance
at v = 1/2 (Ry/2) are shown. The arrows indicate the expected positions satisfying the ¢ = 1 GR condition based on the
measured pp and pr. (c) The resistance of peaks A and B measured at 275 mK, illustrating that the Vsg-dependent changes
disappear. There is a similar disappearance for peak C. (d) Temperature dependence of peak A, normalized by Ry /s, is shown
for Vg = —110 and 20 V. (e) The green circles and red triangles represent pr, deduced from the positions of the FQHSs at 30
and 275 mK, respectively; the empty triangles are pr from the Shubnikov-de Haas oscillations measured at 30 mK. The total
bilayer density pro: is shown as the black line, and pg is obtained by subtracting pr from prot.

Alp.24Gag 76As barrier. The density of the top-layer (pr)
is much larger than the bottom-layer density (pg) such
that at a fixed, large magnetic field the top-layer is near
its half-filling and hosts CFs while the bottom-layer has
a filling < 1 and forms a WC [see Fig. 1(a)]. This bilayer
structure with a large density imbalance is realized with
a very asymmetric spacer and C d-layers; the thicknesses
of the top and bottom Alg24Gag 76As spacer layers are
95 and 500 nm, respectively. The wafer is cut into a 4 x 4
mm? square shape, and In:Zn Ohmic contacts are made
at the sample’s four corners. An In bottom-gate, cover-
ing the sample’s entire back, is used to apply a bias Vg
and tune pg.

Figure 2(a) shows the magnetoresistance traces mea-
sured at different Vpg at T~ 30 mK. The lowest trace
is taken at Vg = 20 V, where the bottom-layer is com-
pletely depleted (pg = 0) and pr = 1.42 x 10* cm~2.
It is similar to those for high-quality, single-layer 2D
holes, and exhibits high-order FQHSs up to v = 6/13.
When a smaller Vg is applied, holes start to occupy
the bottom-layer. This leads to a weakening of the al-
ready fragile v = 5/9, 6/11, and 6/13 FQHS minima at
Ve = —45 V. When pg is further increased by lowering
VBa, these FQHSs become strong again. Interestingly,
the resistance peaks for the compressible states between

v=2/3,3/5, 4/7, and 5/9 FQHSs, marked as A, B, C
in Fig. 2(a), evolve non-monotonically as Vpa decreases.
This is best seen in Fig. 2(b) where we show the mea-
sured resistance for peaks A, B, C as a function of V.
The resistance of peak A increases with decreasing Vg,
reaches a maximum at Vgg ~ —100 V, and then it de-
creases [31]. Peaks B and C show a similar trend although
they attain their maximum values at larger Vg ~ —55
V and —40 V, respectively. We attribute the peaks ob-
served in Fig. 2(b) to the GR of CFs in the top-layer,
i.e., with their cyclotron orbit diameter matching the pe-
riod of the WC formed in the bottom-layer [Fig. 1(b)].
The evolution observed in Fig. 2(b) comes about as the
WC period that determines the condition for the CFs’
GR changes with the WC density.

To support our conjecture, we first describe our precise
determination of pg and pr using the mangetoresistance
traces at various Vpg. In Fig. 2(e), circles represent pr
determined from the field positions of the FQHS min-
ima between v = 2/3 and 3/7. When only the top-layer
is occupied pr increases with decreasing Vg linearly.
For Vg < —20 V, as the bottom-layer starts to become
occupied, pr starts to decrease. This negative compress-
ibility, a manifestation of the strong exchange-correlation
interaction, has been observed previously in various bi-



layer systems [18, 32, 33]. The black solid line in Fig.
2(e) is a fit through the experimental data points for
Vsa > —20 V and represents the capacitive response of
the total density of the bilayer (prot) when Vpg is ap-
plied; its slope is consistent with the expected geometri-
cal capacitance of the sample. We obtain pg by taking
the difference between pro¢ and pr.

Based on pr and pp extracted from Fig. 2(e), we cal-
culate the value of Vg at which we expect the primary
(i = 1) GR resistance maximum to occur for states A,
B, C. As indicated by the arrows in Fig. 2(b), the mea-
sured resistance maxima for the compressible states A,
B, C indeed reach their peak values very close to where
we expect the CF's to satisfy the GR condition, 2R* = a;
here a is the WC period, R* = f'%i is the CFs’ cyclotron
radius, and k* is their Fermi wavevector. We calculated
k* assuming that the CFs are fully spin-polarized and
their density is equal to pr, i.e., k* = \/4wpr. Note also
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that for a triangular WC lattice, a = N The evo-

lution seen in Fig. 2(b) is therefore quantitatively consis-
tent with CF GR features evolving with pg and pp. The
GR features we observe mear strong FQHSs imply that
the CFs are present and appear to possess a well-defined
Fermi wavevector, even at large values of B* where strong
FQHSs are observed at adjacent fractional fillings.

Before presenting more data, it is useful to discuss the
role of disorder in our experiments. In Fig. 2(b) we
also plot the resistance of our sample at v = 1/2 (Ry2).
As Vpg is decreased from its highest value, R;/, ini-
tially decreases as pr increases. Near the onset of the
bottom-layer population (around Vg = -15 V), Ry,
suddenly starts to increase. This increase is likely related
to the scattering of CFs off the holes in the bottom-layer
which, at extremely low densities, is dominated by disor-
der. Such a phenomenon was indeed observed in bilayer
systems at zero B, and was attributed to enhanced elec-
tron scattering [34, 35]. For Vgg < —30 V, however, R/,
is essentially constant [36]. This is in stark contrast to
the non-monotonic behavior of the resistances of peaks
A, B, C in the same range of Vpg < —30 V in Fig. 2(b).
More importantly, the resistances of these peaks show
clear maxima whose Vpg positions are consistent with
the ¢ = 1 GR of the CFs in the top-layer with the po-
tential of a WC in the bottom-layer. We conclude that,
while some level of disorder is present near the onset of
the bottom-layer population, the peaks in Fig. 2(b) can-
not be attributed to disorder.

Figure 2(c) illustrates the Vg dependence of the re-
sistance for states A and B measured at 275 mK. The
maxima seen at Vgg ~ —100 V and -55 V at 30 mK
[Fig. 2(b)] disappear at 275 mK, suggesting that the
hole WC melts at this high 7" and no longer induces a
periodic potential modulation on the CF layer. Figure
2(d) depicts the T-dependence of peak A’s resistance at
two fixed Vpg. There is a much stronger T-dependence
for Vg = —110 V than for Vgg = 20 V. For the latter,
the bottom-layer is completely depleted, and the system
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FIG. 3. (a) Summary of the magnetoresistance traces mea-
sured at 30 mK. The effective magnetic field B* for CFs is
used for the horizontal axis. The black circles show the ex-
pected positions for the i = 1 GR maximum. White ellipses
mark the observed resistance maxima for peaks A, B, C. (b)
Results of similar measurements performed at 275 mK.

consists of only CF's in the top-layer. The decreasing re-
sistance with increasing temperature can be attributed to
the thermal broadening of the CF Landau levels as is well
documented in single-layer systems [37, 38]. However, at
Vee = —110 V, where the height of peak A is influ-
enced by the GR of CFs with the WC lattice [Fig. 2(b)],
peak A’s resistance increases significantly with decreas-
ing T [Fig. 2(d)]. The increase is particularly notable
below about 200 mK, which we associate with the melt-
ing temperature of the WC. This melting temperature is
comparable to the one deduced from measurements in a
CF-WC bilayer electron system [18]; a quantitative com-
parison, however, is not warranted because of the differ-
ent interlayer distance in the two systems, and also the
much smaller v in the electron WC case.

The plots in Fig. 3 summarize the evolution of the
system as a function of Vg and B*. The overlaid black
circles in Fig. 3(a) represent the expected Vpg positions
of the CFs’ i = 1 GR with the WC potential. The
white ellipses mark the Vpq positions at which we ob-
serve maximum values of peaks A, B, C. The observed
positions of the maxima agree well with the black circles.



We emphasize that the expected positions are calculated
based on independent measurements of pr and pp [Fig.
2(e)]. Note that there is also a weakening of the v =5/9
FQHS in Fig. 3(a) at Vg = —40 V, consistent with
what we would expect when the GR coincides with a
(weak) FQHS. In Fig. 3(a), for B* > 0, we also ob-
serve a weakening of the v = 4/9 FQHS minimum when
Vse = —40 V. This is slightly larger than Vpg where we
expect the GR maximum (Vg = —43 V). On the other
hand, for B* > 0, when Vg < —40 V, we do not ob-
serve variations in the peak values of maxima separating
FQHSs which we could associate with the GR features.
This is puzzling, but consistent with previous results for
CFs in single-layer electron systems in an antidot lattice
where the GR maxima for B* > 0 were much weaker
than for B* < 0 [22, 39]. The origin of this asymmetry
remains unclear. Figure 3(b) captures the magnetore-
sistance measured at T = 275 mK. Here the resistance
changes associated with the GR of CF orbits with the
WC lattice are absent. The contrast between Figs. 3(a)
and (b) provides strong evidence that the resistance max-
ima observed at T'= 30 mK in Fig. 3(a) [and Fig. 2(b)]
are caused by the WC formed in the bottom-layer, and
they disappear once the WC has melted at T' = 275 mK.

It is worth highlighting some important aspects of our
bilayer hole system. In an electron bilayer system, the
GR features induced by the WC are observed at very
low fillings (0.002 < vwc < 0.02) compared to the hole
sample studied here (0.07 < vwe < 0.1). This is consis-
tent with previous studies in single-layer systems, where
the relatively higher filling for the formation of the WC
in 2D holes was associated with the larger hole effective
mass and the resulting Landau level mixing [15, 28, 29].
The higher vwc for holes allows us to observe the WC
at relatively higher densities or, equivalently, at smaller
WC periods. Indeed, in Fig. 2(b) data, the period of
the WC at which we observe the maxima indicated by
the three arrows ranges from 80 to 140 nm. Such a small
period means that the ¢ = 1 GR in the CF layer would
require a large B*, thus placing the GR feature far from
the half-filling of the CF layer and well into its strong
FQHS regime. Note that, because a very high-quality,
modulation-doped, GaAs 2D carrier system containing
CF's is typically buried deep under the surface, it would
be extremely challenging to use structures (e.g., gates
or antidots) patterned on the surface of the sample to
impose periodic potentials with such small periods. An-
other major advantage of our bilayer system is that we
can vary in-situ the period of the periodic potential im-
posed on the CF layer via changing the WC layer density,
and therefore tune the GR condition [Fig. 2(b)].

We also note that in our bilayer hole system, we do
not observe higher-order (i = 3,7) GR features seen in
a bilayer electron system [18]. This might be because
of the smaller mean-free-path of the CFs or the lack of
long-range order in the WC layer in the hole system.
We emphasize, however, that experiments on 2D elec-

tron systems with a 2D array of antidots whose positions
deviate slightly from being periodic still show the GR fea-
ture associated with the ¢ = 1 orbit [40, 41]. Evidently,
the insensitivity of the i = 1 GR to slight disorder in the
periodic potential allows us to observe the primary GR
maximum throughout a wide density range even when
the period of the WC is not sharply defined.

Returning to Fig. 2(b) data, the observation of GR
of CFs near strong FQHSs implies that CFs possess a
well-defined Fermi wavevector in this regime. This is at
first sight surprising as one would expect that the CFs,
which occupy a Fermi sea at v = 1/2, should maintain
a Fermi wavevector only at and near v = 1/2. After
all, in the CF picture, the FQHSs are considered to be
the integer QHSs of the CFs [4, 19], and the presence of
strong FQHSs implies well-quantized CF Landau levels.
On the other hand, theoretical studies imply that the
concept of a Fermi wavevector for CFs appears to be valid
even in the regime where strong FQHSs are expected
[42, 43].

Finally, our data appear to be consistent with the CF
density being equal to pr, i.e., k* = /dmpr. If, as sug-
gested in recent experiments [27], we assume that the
density of CFs for B* < 0 equals the minority carriers
in the lowest Landau level of the top-layer, then the ex-
pected positions for maxima in Fig. 2(b) are shifted to
more negative values of Vpg. Quantitatively, if we use
values of Vg at which we observe maxima in Fig. 2(b)
and assume that the minority carriers are responsible for
the CF GR, then we would obtain WC lattice constants
that are about 15 to 20% smaller than implied by our
measured pp [Fig. 2(e)]. We emphasize, however, while
our pr values are quite accurate, the values for pg have
reasonably large error bars because they are based on
subtracting pr from the extrapolated pro; in Fig. 2(e).
Also, the range of B* showing GR in our study is much
larger than those in [27] where CF GRs were observed
very close to v = 1/2. We conclude that the precise den-
sity of CFs that gives rise to GR away from half-filling
remains an important open question, as also amplified in
some very recent theoretical studies of the role of particle-
hole symmetry in the CF formalism [43-49).
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