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Metastable charge distribution between degenerate Landau levels
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We study two-dimensional electron systems confined in wide quantum wells whose subband separation is
comparable with the Zeeman energy. Two N = 0 Landau levels from different subbands and with opposite
spins are pinned in energy when they cross each other and electrons can freely transfer between them. When
the disorder is strong, we observe clear hysteresis in our data corresponding to the instability of the electron
distribution in the two crossing levels. When the intralayer interaction dominates, multiple minima appear when
a Landau level is 1

3 or 2
3 filled and the fractional quantum Hall effect can be stabilized.
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I. INTRODUCTION

The quantum Hall effect is an incompressible quantum
liquid phase signaled by the vanishing of the longitudinal
conductance and the quantization of the Hall conductance
seen in two-dimensional electron systems (2DES) at a large
perpendicular magnetic field [1,2]. A 2DES with a spin and
subband degree of freedom has additional sets of Landau
levels (LLs) separated by the Zeeman energy EZ or sub-
band separation �SAS , respectively [3–8]. When only a small
number of LLs are occupied at LL filling factors ν < 4,
the electron distribution between the two subbands deviates
from the B = 0 subband densities. The 2DES’s Hartree po-
tential leads to the renormalization of the subbands’ energies
and wave functions so that the total energy is minimized.
When two LLs are degenerate at the Fermi energy, the elec-
trons can redistribute between them with negligible energy
cost [9–11].

A high-sensitivity local capacitance measurement re-
veals fine structures and delicate quantum phases of the
2DES [12–20]. A recent examination by Zhao et al. finds
that the capacitance C and the conductance σ are intertwined
and both of them reflect the 2DES’s transport properties [21].
In this paper, we study the 2DES confined in wide quantum
wells using the same technique as Ref. [21] and discover
features such as hysteresis and splitting minima, consistent
with the pinning of two LLs and a metastable charge distri-
bution [22–24].

II. SAMPLES AND METHODS

We study two GaAs/AlGaAs samples grown by molec-
ular beam epitaxy where the 2DESs are confined in wide
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quantum wells and electrons occupy two subbands, leading
to an additional subband degree of freedom. We use a back
gate to change the density and �SAS increases when the charge
distribution becomes imbalanced [see in Fig. 1(a)]. We study
samples from two different wafers grown by different groups.
The 45-nm-wide quantum well sample has 4.0 [25] as-grown
density and 6×104 cm2/(V s) low-temperature mobility and
the 80-nm-wide quantum well sample has 1.1 as-grown den-
sity and 6×106 cm2/(V s) low-temperature mobility. The
�SAS of the low-mobility sample can be measured from the
LL crossings seen when �SAS = h̄ωC and �SAS = EZ , and
the �SAS of the high-mobility sample can be extracted from
the Fourier transform of the low-field Shubnikov–de Hass
oscillations. In both samples, �SAS is comparable with the
exchange-enhanced EZ so that the S0 ↓ and A0 ↑ levels are
close in energy (S and A refer to symmetric and antisymmetric
subbands, 0 refers to the N = 0 LL index, and ↑ and ↓ refer
to up and down spin) [26–28]. Although the subband wave
functions are not strictly symmetric or antisymmetric when
the charge distribution is imbalanced, for simplicity, we still
use S and AS for the two subbands.

Each sample is a 2×2 mm2 cleaved piece, with eight al-
loyed InSn contacts; see Fig. 1(b). We fit the samples with
an In back gate to tune the electron density, and evaporate
multiple Ti/Au front gates with Corbino-like geometry for
the capacitance measurement. The outer radius of G1 and the
inner radius of G2 are r1 = 120 µm and r2 = 140 µm, respec-
tively; see Fig. 1(b). Capacitance is measured between the
two gates using a cryogenic bridge and excitation frequency
up to 140 MHz [29]. The capacitance (C) and conductance
(G) components can be extracted from the in phase and out
of phase of the bridge output Vout [30]. The longitudinal and
Hall resistances, Rxx and Rxy, can be measured in situ using a
standard lock-in technique (< 40 Hz). All the experiments are
performed in a dilution refrigerator whose base temperature is
10 mK.
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FIG. 1. (a) Relevant energy levels and charge distribution in a
wide quantum well. (b) Schematic of gates with Corbino-like geom-
etry for capacitance measurements.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the color-coded plot of R−1
xy as a function

of magnetic field B and electron density n, taken from the 45-
nm-wide quantum well sample. In Fig. 2(a), colored plaques
represent different quantized Hall conductances σxy = R−1

xy
where Rxx = 0, and plateau-to-plateau transitions appear as
white ribbons. This sample has low mobility so that the dis-
order dominates and each Landau level contributes zero (one)
Hall conductance [25] if its filling factor is below (above) 1

2 ,
respectively. The plateau-to-plateau transitions appear when a
LL is exactly half filled.

We highlight two series of transitions by the two black lines
which correspond to the conditions �SAS = h̄ωc and �SAS =
EZ as labeled in Fig. 2(a) [4,31]. The charge distribution is
balanced when n � 3.0 and the higher density leads to a more
imbalanced quantum well [25]. �SAS increases from about 40
to 80 K as n increases from 3.4 to 4.1, deduced from the
�SAS = h̄ωc line [4]. The �SAS = EZ line appears at about
twice the magnetic field than the �SAS = h̄ωc line, suggesting
that Ez is significantly enhanced by about 30 times because

of the exchange energy [26–28]. These two lines separate
Fig. 2(a) into three zones with different LL configurations
shown by the insets. We label the number of more than half-
filled LLs from the symmetric and antisymmetric subbands as
{νS, νA} for each colored plaque in Fig. 2(a) [4,8,31].

It is quite surprising that the {1, 0}-to-{1, 1} boundary, at
which the A0 ↑ level is half filled, moves towards a lower field
while the total density increases (see the thick red line). This
anomalous phenomenon can be better illustrated by Fig. 2(c),
where the Rxy of the n = 3.61 trace is larger than the n = 3.39
trace at B � 6 T. The kink at Rxy = 3

5 and 3
4 [25] in the n =

3.61 trace signals the formation of a fractional quantum Hall
effect when the A0 ↑ is 1

3 and 2
3 filled, respectively. According

to the total filling factor, the S0 ↓ level is less than half filled
at about 0.4 and contributes zero Hall conductance. On the
{2, 0}-to-{2, 1} boundary, the Rxy trace at n = 4.16 exhibits
kinks at Rxy = 3

7 and 3
8 at similar B, signaling that the A0 ↑

is 1
3 and 2

3 filled when the S0 ↓ level is more than half filled
at about 0.7 and contributes e2/h in Hall conductance. The
above observations suggest that the S0 ↓ and A0 ↑ levels are
both partially filled and energetically degenerate at the Fermi
energy in a large range of B and n, i.e., the two crossing
LLs are pinned together and both of them will be partially
occupied in a finite range of B and n [9–11,32,33].

Hysteresis occurring at the {1, 1}-to-{2, 1} boundary is
shown in Figs. 3(a) and 3(b), across which the filling factor
of the S0 ↓ level varies through 1

2 [see also the n = 3.61
data near 6 T in Fig. 2(c)]. This hysteresis can be better seen
in Fig. 3(c). The capacitance C vanishes when the system
forms a quantum Hall effect and a peak appears whenever
a LL is exactly half filled [21]. More specifically, the peaks
in the up- and down-sweep traces, where the S0 ↓ level is half
filled, appear at different fields. We mark the capacitance peak
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FIG. 2. (a) Color-coded plot of R−1
xy as a function of n and B. The insets are LL diagrams corresponding to three regions separated by

the �SAS = h̄ωC and �SAS = Ez lines. Plaques with different colors correspond to different Rxy plateaus, where {νS, νA} labels the number of
LLs belong to the two subbands whose electron filling factor is higher than 1

2 . (b) Calculated charge distribution (|ψS|2 and |ψA|2) for the two
subbands of a 45-nm-wide quantum well sample at different n. (c) Rxy vs B traces at different n. We use solid and dashed traces for up and
down sweeps, respectively, in all figures throughout this paper.
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FIG. 3. (a), (b) Color-coded plot of R−1
xy as a function of n and B

near the {1, 1}-to-{2, 1} boundary of the up- and down-sweep data,
respectively. The pink and orange lines highlight the positions of the
plateau-to-plateau transition where clear hysteresis appears. (c) C vs
B traces at different n. We mark the C peak in the up- and down-
sweep data and summarize their positions in (a) and (b) with solid
and open symbols, respectively. (d) Rxx vs B trace of density 3.61,
and the inset shows hysteresis after 50 times magnification.

seen in the up- and down-sweep traces and summarize their
positions in Figs. 3(a) and 3(b) with solid and open symbols,
respectively. The hysteresis, i.e., the peak position depends

on the sweep direction, indicating a metastable charge dis-
tribution in the two energetically locked LLs. The sharp
capacitance jumps near the dashed lines mark the onset of the
discrepancy between the up and down sweeps, possibly due
to the completely emptying or filling of the A0 ↑ level [34].
We also show transport results in Fig. 3(d) at n = 3.61 where
a barely visible Rxx peak appears at the {1, 1}-to-{2, 1} bound-
ary and a hysteresis behavior is also seen, consistent with
previous reports [35–37]. The Rxx peak is a narrow spike
appearing only at the boundary when one LL is exactly half
filled, while the hysteresis region in our capacitance data is
much broader with two sharp ends far from the boundary [see
the two dashed lines in Fig. 3(d)]. This is because our capaci-
tance measurement is a local probe achieved by gates without
involving contacts, so that it is sensitive to local domains and
charge instability caused by LL pinning and domains. The
transport measurement, on the other hand, averages across the
whole sample and the domains can be seen only when they
form a percolation network at the plateau-to-plateau transi-
tion boundary. Therefore, we can observe hysteretic behavior
in C measurements while the transport features are barely
visible.

The charge transfer is universally present in imbalanced
2DES confined in wide and double quantum wells [10,11].
Empirically, visible hysteresis phenomena are usually seen
strong when the 2DES forms strong insulating phases so
that the time constant for charge transfer is sufficiently
long [23,24]. It is also seen if the domain structure forms
when two LLs with different spins cross [35–37]. In general,
the random disorder plays an essential role in the hysteresis.
We study the low-disorder 80-nm-wide quantum well sample
below. A low-field subband separation �SAS measured from
the Fourier transform of the Shubnikov–de Haas oscillations
is shown in Fig. 4(b). It increases from 10 K to about 17 K
when we reduce n from 1.3 to 0.88 by back-gate voltage. In
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FIG. 4. (a) The longitudinal resistance (Rxx) and capacitance (C) taken from the 80-nm-wide quantum well sample. Hysteresis of C can
be observed within the Rxx plateau region at integer quantum Hall effects. (b) The experimentally measured low-field �SAS deduced from the
Shubnikov–de Haas oscillation. We also show a calculated charge distribution (|ψS|2 and |ψA|2) for the two subbands, and the vertical bars
label zS and zA mark their centroid 〈ψ |ẑ|ψ〉. (c) A diagram showing the two configurations for stable ν = 8

3 fractional quantum Hall states in
the two-subband picture. The electrons and holes are marked as solid and open circles, respectively. We use red and blue lines to distinguish
the symmetric and antisymmetric subbands.
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Fig. 4(a), the Rxx minimum at ν = 8
3 disappears in the n = 1.1

trace, signaling that �SAS equals Ez which is enhanced ∼23
times [28]. In the high-mobility samples, disorder is reduced
so that the electron-electron interaction stabilizes fractional
quantum Hall states. Fractional quantum Hall effects can
be understood as integer quantum Hall effects of composite
fermion which form by attaching two flux quanta to each par-
ticle [38]. The fractional quantum Hall state at ν = 8

3 is ν = 1
3

of holes and is stable when either �SAS > EZ or �SAS < EZ ;
see Fig. 4(c). It disappears if and only if S0 ↓ and A0 ↑ are
degenerate and the disappearance of minima at ν = 8

3 signals
the exact condition �SAS = EZ [28]. Similarly, a weakening
of the ν = 4

3 and 7
5 states is also visible, suggesting that the

S0 ↓ and A0 ↑ levels are close in energy within the B and n
range of our study. In the capacitance trace, hysteresis is only

seen near the integer filling factors ν = 1 and 2, where the
2DES consists of an incompressible quantum Hall effect and
randomly pinned quasiparticles/quasiholes [34]. This hystere-
sis gradually disappears at high temperatures above 400 mK
when the thermal fluctuation softens the disorder pinning
[see Figs. 5(a) and 5(b)]. It is also quite possible that these
dilute quasiparticles/quasiholes may form a Wigner crystal
which has a large capacitance response [30]. In Fig. 5(c),
we show Rxx at the base temperature and 208 mK where no
hysteresis at any temperature is seen. This is consistent with
the results of Fig. 3: C is sensitive to the local domain while
Rxx is an average over the entire sample, so that C can reflect
local charge transfer between subbands.

When the partial filling factor in the LLs increases, the
electron interaction stabilizes the fractional quantum Hall
effects and hysteresis disappears. We can deduce the lo-
cal conductance G between the two Corbino-like gates [21]
[see Fig. 6(a)]. The two subbands can be understood as par-
allel channels. Rxx shows minima only if two subbands are
both insulating, so that the Rxx minima only appear at specific
ν = 7

3 and 8
3 , etc. The measured C is the sum of these two

parallel channels so that minima can be observed whenever
one LL has 1

3 or 2
3 insulating states in Fig. 6(a). At n = 1.1,

no minima are seen for the ν = 8
3 state when the two configu-

rations (νS0↓, νA0↑) = ( 2
3 , 1) and (1, 2

3 ) have the same energy,
which is consistent with the Rxx results in Fig. 4(a); νS0↓ and
νA0↑ are the corresponding filling factors of the S0 ↓ and
A0 ↑ levels [28]. �SAS increases as n decreases so that the
S0 ↓ level becomes more populated and the (1, 2

3 ) configu-
ration is energetically favorable. However, the subbands of
the asymmetric quantum well have different zS and zA, the
center of their charge distribution 〈ψ |ẑ|ψ〉, which leads to
finite energy cost for redistributing electrons between them
[see Fig. 4(b)]. Therefore the in-plane Coulomb interaction
can no longer stabilize the 8

3 state at an exact total filling
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factor. Instead, a minimum reappears but shifts to smaller
filling factors, corresponding to (1 − ν∗, 2

3 ) where some
quasiholes (ν∗) appear in the S0 ↓ level. Meanwhile, the 7/3
state has the configuration ( 2

3 , 2
3 ) when the S0 ↓ and A0 ↑

levels are degenerate at n = 1.26 so that a single minimum
appears at exactly 7

3 total filling factor. When the energy of
the A0 ↑ level increases at n � 1.26, this minimum splits into
two at which the system has configurations of ( 2

3 + ν∗, 2
3 ) and

( 2
3 , 2

3 − ν∗), respectively [39].
We summarize the quasiparticle or quasihole densities,

n∗ = n · ν∗/ν, for several observed G minima in Fig. 6(b).
We note that the hysteresis near ν = 2 in Fig. 6(a) also has a
density-dependent evolution, where the peak in the up sweep
gradually shifts to a higher filling as n decreases. It is likely
that this peak signals the formation of the integer quantum
Hall effect by spontaneously fill up the A0 ↑ level [34].
The residual quasiparticle density n∗ in the S0 ↓ level in-
creases when the density decreases, which generates a Hartree
potential to compensate the increasing �SAS . For example,
n∗ = 0.02 reduces the antisymmetric subband energy by
� e2n∗/ε|zS − zA| � 10 K, where e is the electron charge, ε is
the GaAs permittivity, and |zS − zA| � 31 nm is the equivalent
charge separation between the two subbands [see Fig. 4(b)].
We also summarize the density of residual charges near ν = 1
and 2 in Fig. 6(b).

Figure 6(c) studies the split minima near 7
3 and the hystere-

sis near ν = 2 as a function of measurement frequency f . The
hysteresis around ν = 2 becomes more profound at higher
frequencies both in C and G, consistent with the assumption
that it is the response of pinned charges. On the other hand,
the split minima around 7

3 is a low-frequency phenomenon,

i.e., the G minima become shallower at high frequencies, and
only one shallow minimum at 7

3 appears in the capacitance
at f = 57 and 117 MHz. This may be because the dilute
extra quasiparticles/quasiholes can respond to probing the
high-frequency electric field and screen the minima.

IV. CONCLUSION

In summary, we closely examine the 2DES confined in
wide quantum wells using a capacitance measurement. Our
results indicate that the S0 ↓ and A0 ↑ levels are pinned
in energy if the subband separation and exchange-enhanced
Zeeman energy are comparable. We discover hysteresis and
charge instability when the disorder is strong, and multiple
minima at the fractional quantum Hall effect if the intralayer
interaction dominates. Our observations shed light on the
complex internal structure of 2DES when multiple degrees of
freedom are present.
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