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Composite fermions (CFs), exotic particles formed by pairing an even number of flux quanta to each
electron, provide a fascinating description of phenomena exhibited by interacting two-dimensional
electrons at high magnetic fields. At and near Landau level filling v = 1/2, CFs occupy a Fermi sea and
exhibit commensurability effects when subjected to a periodic potential modulation. We observe a
pronounced asymmetry in the magnetic field positions of the commensurability resistance minima of CFs
with respect to the field at v = 1/2. This unexpected asymmetry is consistent with the CFs’ Fermi wave
vector being determined by the minority carriers in the lowest Landau level, and suggests a breaking of the

particle-hole symmetry for CFs near v = 1/2.
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Interacting two-dimensional (2D) carriers at low temper-
atures and in high perpendicular magnetic fields exhibit a
remarkable spectrum of many-body states, a hallmark of
which is the fractional quantum Hall state (FQHS) [1].
The FQHS is elegantly described through the concept of
composite fermions (CFs), weakly interacting quasipar-
ticles formed by pairing an even number of flux quanta with
each carrier [2-4]. Composite fermions can account for
nearly all the FQHSs observed around Landau level filling
factor v = 1/2 by treating them as integer QHSs of CFs
in a reduced magnetic field given by B* = B — B, where
B, is the field at v = 1/2 [2—4]. Moreover, the CF picture
provides two equivalent approaches to understand the
FQHSs observed in the range B < B/, and maps them
to those seen for B > B;/, [4]. One approach considers
the negative B* for B < By, as a field antiparallel to the
external field and maps, e.g., the FQHS at v = 2/3 to the
one at 2/5; this predicts FQHSs at effective B* which are
symmetric about B, /,. An alternative approach postulates
that, instead of having a negative B*, CFs are formed by
holes. This approach maps an electron filling factor v to a
hole filling factor 1 —v, e.g., v =3/5 to 2/5, implying a
symmetry between FQHSs in filling factor about v = 1/2.

Another fundamental property of CFs at and very near
v =1/2 is that they occupy a Fermi sea and, therefore,
possess a Fermi contour [3—14]. The CF Fermi contour has
been probed in a number of geometrical resonance experi-
ments where the commensurability (or resonance) of the
quasiclassical CF cyclotron orbit with the period of a
potential modulation in the 2D plane is detected and is used
to determine the CF Fermi wave vector [6,9-14]. Here, we
report magnetoresistance data of unprecedented high qual-
ity which reveal an unexpected asymmetry in the positions
of the CF commensurability features around v = 1/2, both
as a function of field and filling factor. On the B > B,
side, the B* position of the resonance we observe is
consistent with the Fermi wave vector expected for CFs
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if their density is assumed to be equal to the electron
density. For B < B, however, the resonance is closer to
By, implying a smaller Fermi wave vector for the CFs. We
can quantitatively account for the asymmetry if we assume
that the CF density is equal to the density of the minority
carriers in the spin-resolved, lowest Landau level (LLL),
namely, if the CF density is taken to be the density of
electrons when B > B, (v <1/2) but of holes when
B < By, (v > 1/2). Our results strongly suggest that CFs
are formed by pairing up of flux quanta with the minority
carriers in the LLL. The asymmetry further indicates a
breaking of the particle-hole symmetry for CFs near
v =1/2, as it raises the question: Why do electrons, and
not holes, determine the CF Fermi wave vector for
B > B, and vice versa for B < By/,?

We studied 2D electron and hole systems (2DESs
and 2DHSs) confined to symmetric GaAs quantum wells
(QWs) grown via molecular beam epitaxy on (001) GaAs
substrates. The QW widths are W =30 to 50 nm for
electrons and 17.5 nm for holes. The carriers are located
131-190 nm under the surface and are flanked on each side
by 95-150 nm thick, undoped Al ,4Gag 7¢As barrier layers
and §-doped layers. The & doping in the electron and
hole samples is Si and C, respectively. The 2D densities
are =1.2-3.0x 10" cm™2, and the mobilities are
=10°-107 cm?/V's. Each sample is covered with a peri-
odic grating of negative electron-beam resist which,
through the piezoelectric effect in GaAs, induces a periodic
density modulation [13-16]. The period of the gratings in
our samples range from a = 150 to 400 nm. We performed
experiments in *He refrigerators with base temperatures
of T =0.3 K.

The highlights of our findings are outlined in Fig. 1,
where we show the magnetoresistance trace of a 2DES
confined to a 40-nm-wide GaAs QW and with a surface
grating of 200 nm period. The grating results in a periodic
local 2DES density modulation which, in turn, spatially
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FIG. 1 (color online).
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(a) Magnetoresistance trace for a 2DES with density n = 1.74 x 10" cm™2 and subjected to a periodic potential

modulation, exhibiting strong CF commensurability oscillations near v = 1/2. The inset schematically shows the commensurability
condition of the quasiclassical CF cyclotron orbits, marked as i = 1, 2, and 3, with a periodic potential modulation. Dotted vertical lines
mark the expected positions of the FQHSs, based on the 2D electron density. (b) The CF commensurability oscillations are shown in
greater detail. Vertical solid lines mark the expected positions of the resistance minima when the CF density (n*) is assumed to be equal
to the electron density; these positions are symmetric about v = 1/2. If n* equals the minority density, then the expected positions for the
B < By side are those shown with dashed vertical lines. The schematic insets indicate the basis of the CF minority density model
which assumes that CFs are formed by the minority carriers in the LLL (hatched parts of the broadened level).

modulates the effective magnetic field B* experienced by
the CFs in the vicinity of v = 1/2. The modulated magnetic
field leads to commensurability oscillations, seen in Fig. 1,
flanked by shoulders of higher resistivity [9-14]. The
resistance minima appear at the well-established magnetic
commensurability condition: 2Rj/a =i+ 1/4, where
i=1,2,3,...,a is the period of the modulation, R} =
hky /eB* is the CF cyclotron radius, k. = +/4zn* is the CF
Fermi wave vector, and n* is the CF density [9-14]. If
we assume that n* is equal to the 2D electron density n on
both sides of v = 1/2, the above commensurability con-
dition predicts resistance minima at effective fields B} =
+2havV4nn*|/[ea(i + 1/4)] that are symmetric around
B* =0 (i.e., around B,/,). These Bj, which are marked
with solid vertical lines labeled i =1,2,3 in Fig. 1,
agree with the experimental data for B > B, ,, especially
for i =1 where the deepest minimum is seen. The
commensurability minima for B < B /,, however, appear
to the right of the expected values, as is clearly seen in
Fig. 1(b).

On the other hand, if we assume that, for B < B /2 CFs
in the LLL are formed by the minority carriers, i.e., holes,
the commensurability condition predicts the dashed vertical
lines in Fig. 1(b), which show better agreement with the
experimental data. We elaborate on these observations in
the remainder of the Letter. We emphasize that the field
positions of the FQHSs we observe in the same sample
are quite consistent with those expected based on the filling
factors and the 2D electron density, as seen by the vertical
dotted lines in Fig. 1(a) [17]. This is true for the FQHSs
observed on both sides of v = 1/2.

Under the assumption that the density of CFs is equal to
the density of the minority carriers in the LLL [see insets to
Fig. 1(b)], the expected B} for CF commensurability for
B > B, , are the same as before because the minority carrier
density equals n. For B < B ,, however, according to our
assumption, the CF density is equal to the density of holes in
the LLL: n* = (1 —v/v)n. Using this n* in the CF com-
mensurability condition leads to a quadratic equation for the
expected positions B}’ of the commensurability minima
whose relevant solution can be approximated as B}’ = B} +
B;?/B ), [18]. In this expression, we are giving B}’ in terms
of B} for the case when n* = n. The expression for B}’
implies that, for B < B /,, the minima should be seen closer
to By, by =B?/B, /2- The calculated values of B}’ for i =
1,2, 3 are shown in Fig. 1(b) with vertical dashed lines, and
are in good agreement with the B < B), experimental data.

Having established a possible explanation for the asym-
metry in the positions of the CF commensurability resis-
tance minima, we now consider data from samples with
different parameters. In Fig. 2, we show data from four
2DES samples. Their density, QW width, and modulation
period are given next to each trace, and the expected
positions of the CF commensurability minima are indicated
with vertical solid and dashed lines. The observed positions
of the minima in all traces show an asymmetry, which is
well captured by the minority density model. In the
a =400 nm trace, the minima appear very close to
v=1/2 and are nearly symmetric, as are the predicted
positions from both models.

The asymmetry of the CF commensurability minima is
not unique to 2DESs. It persists in 2DHSs whose data are
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FIG. 2. Magnetoresistance traces near v = 1/2 for four 2D
electron samples, normalized to the resistance value R/, at B ;.
Each trace is accompanied by a box whose top row gives the 2D
electron density in units of 10'' cm™2, while its bottom row
contains the QW width W and the modulation period a in nm.
The expected positions of the minima when n* = n are marked
with vertical solid lines which are symmetric about v = 1/2. The
dashed lines represent the expected positions from the minority
CF density model.

shown in Fig. 3. In all samples, the features are asymmetric
with respect to v = 1/2, and the asymmetry is captured
reasonably well by the minority CF density model. Note
that, for 2DHSs, this model implies that CFs are formed by
holes for B > B, /, and by electrons for B < B .

In order to quantify the asymmetry and assess how well it
is explained by the minority CF density model, in Fig. 4, we
summarize the i = 1 positions of the observed minima,
normalized to the expected value (B}) if n* = n is assumed,
for several 2DHSs (a) and 2DESs (b). In all cases, the
normalized positions of the minima for B > B /,, denoted
by Bj . (open symbols), are very close to unity, confirming
that the n* = n assumption is consistent with the exper-
imental data. The average value of B} _/B7 is 0.998 and
the standard deviation is 0.011. On the other hand, the
normalized B < B/, data, denoted by Bj _ (closed sym-
bols), are smaller than unity for all the samples, indicating
that an asymmetry exists in all the experimental traces.

holes, W =17.5 nm, 1.5 x 10" cm™
B 1By

(R- R1/2)/R1/2

12 08 04 0 04 08 12
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FIG. 3. Magnetoresistance traces, normalized to the resistance
value Ry, at By, in the vicinity of v = 1/2 for three 2D hole
samples with W = 17.5 nm, density =1.5 x 10'! cm™2, and
different modulation periods. The expected positions of resis-
tance minima based on n* = n model are indicated with vertical
solid lines which are symmetric about v = 1/2. The dashed lines
represent the expected positions from the minority CF density
model.

Figure 4 plots also include the expected positions of the
minima based on the minority density model (B}), also
normalized to the values if n* = n were assumed; these
Bji'/B; values are shown by short horizontal lines. The
experimental data for B < By, agree fairly well with the
horizontal lines, with a standard deviation of 0.017 [19].
We conclude, from Fig. 4 plots, that the asymmetry is
ubiquitous, and its magnitude can be understood reason-
ably well based on the minority CF density model.

What other factors could cause the asymmetry? The fact
that the observed positions of the FQHS R, minima on
both sides of B/, agree well with the expected positions,
which are based on the 2D carrier density [see vertical
dotted lines in Fig. 1(a)], rules out that a possible change
in density as a function of the sweeping field is responsible
for the asymmetry. One might argue that the asymmetry
comes about because the CFs are fully spin polarized when
B > B, and therefore, their Fermi wave vector is con-
sistent with n* = n, but they are only partially polarized
when B < B, because of the lower B. However, our data
exclude this possibility. For example, the B < By, CF
commensurability minimum in the high-density W =
30 nm 2D electron QW with n=3.0x 10! cm™2 is
observed at B =23.6 T; this is much higher than B =
15 T where the lower density samples show their B > B/,
minimum. Another possibility is that the CFs experience
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FIG. 4 (color online). Summary of the positions of the observed CF commensurability minima for i = 1, labeled B7 .. (open symbols)

for B > B, and B} _ (closed symbols) for B < Bj ,. Short horizontal lines mark the expected positions By’ of the minima for B < By,

based on the minority CF density model. All these fields (BT _, B

1,>°

1,<»

and B7') are normalized to the expected values B} based on the

commensurability condition with n* = n. Data for 2DHSs are shown in (a) and are grouped based on the modulation period a. The 2D
hole density in each group increases from left to right. Data for 2DESs are shown in (b); for all 2DES samples a = 200 nm except for the

last W = 40 nm QW, where a = 400 nm.

not a pure magnetic potential modulation, but rather a
mixed magnetic and electrostatic modulation. Such a
possibility has been invoked [11,12] to explain an asym-
metry observed in the steep resistance rises as one moves
farther from B ,, past the commensurability minima. This
does not explain the asymmetry we observe in the positions
of the commensurability minima [20]. The theoretical
calculations, which assume a fixed CF density equal to
the electron density, indeed, predict minima which are
symmetric about By, [11]. Finally, we add that in some of
our 2D electron samples, we have data exhibiting i = 1
commensurability minima in R, near v = 1/4 for four-
flux CFs (see, e.g., Fig. 1 of Ref. [14]). The observed
minima are symmetric with respect to the field position of
v = 1/4, and consistent with the 2D electron density in the
sample. This observation supports our conclusion that the
minority carrier density in the LLL determines the position
of the commensurability minima: note that, near v = 1/4,
the density of minority carriers in the LLL is equal to the
electron density on both sides of v = 1/4.

To summarize, our data reveal (1) a persistent asymmetry
in the field positions of the commensurability resistance
minima of v = 1/2 CFs across many 2D electron and hole
samples, and (2) the observed minimum for B > B/,
agrees with the position expected for CFs with density
equal to the 2D carrier density, but the minimum for
B < By, is closer to v = 1/2 and its position is consistent
with the CF density being equal to the density of minority
carriers in the LLL [21]. We emphasize that the asymmetry
we observe in field positions of the commensurability
minima implies an asymmetry, with respecttor = 1/2, of a
very similar magnitude in filling factors at which we see
these minima. For example, for the data of Fig. 1, we
observe commensurability minima at v = 0.474 and 0.527;

relative to v = 0.500, this translates to an asymmetry of
about 5% which is similar to the asymmetry in B* for the
same trace [see Fig. 4(b)]. Thus, our data indicate that the
CF commensurability minima are not observed at v and
1 — v, as expected from a simple particle-hole symmetry
principle, pointing to a subtle breaking of this symmetry. It
is possible that the breaking is caused by the nonidealities,
such as disorder, LL mixing, and finite layer thickness of
real, experimental samples. The combination of LL mixing
and three-body interaction, e.g., has been suggested to
lead to a lifting of the degeneracy of the Pfaffian and
anti-Pfaffian states near v = 5/2 [22-24]. In our case, the
LL mixing and the three-body interaction could render a
lower ground-state energy for electron-flux CFs compared
to the hole-flux CFs for B > B /,, while for B < B, the
ground-state energies would be reversed. However, we
emphasize that, even in ideal systems, what determines the
Fermi wave vector of CFs is a nontrivial question when one
considers that, away from v = 1/2, the electrons and holes
in the LLL have unequal densities.
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