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Surface acoustic wave (SAW) is a powerful technique for investigating quantum phases appearing
in two-dimensional electron systems. The electrons respond to the piezoelectric field of SAW through
screening, attenuating its amplitude, and shifting its velocity, which is described by the relaxation
model. In this work, we systematically study this interaction using orders of magnitude lower SAW
amplitude than those in previous studies. At high magnetic fields, when electrons form highly
correlated states such as the quantum Hall effect, we observe an anomalously large attenuation
of SAW, while the acoustic speed remains considerably high, inconsistent with the conventional
relaxation model. This anomaly exists only when the SAW power is sufficiently low.

1.INTRODUCTION

Research on charge carrier transport in two-
dimensional electron systems (2DES) has unveiled vari-
ous intriguing quantum phenomena [1–3].The quantum
Hall effect (QHE) is of interest due to its distinctive
experimental phenomena: the vanishing of longitudinal
resistivity and the precise quantization of Hall resistiv-
ity into discrete integers [1] and fractions [2]. Theo-
retical explanations for the QHE include the formation
of an incompressible quantum liquid that carries super-
flow current, and disorder-induced localization of sparse
quasiparticles[4] At sufficiently large perpendicular mag-
netic fields, when only several Landau level are occu-
pied, and in samples with sufficiently high mobility, the
Coulomb interaction arranges the sparse quasiparticles
into an ordered array named the Wigner crystal [5–
10]. Additionally, the stripe and bubble phases represent
two other types of electron solids, emerging as collec-
tive charge density waves in the N ≥ 1 spin-resolved
Landau levels N ≥ 1 spin-resolved Landau levels[11–
13]. The interaction between these states and exter-
nal perturbations, such as microwaves[14–19], acoustic
waves[20–32], light[33], in-plane magnetic fields[34–38],
bias voltage[39], noise[40] and hydrostatic pressure[41–
43], presents avenues for exploring exotic physics and
gaining profound insights into state evolution.

Surface acoustic wave (SAW) provides a contact-
less approach for investigating the transport proper-
ties of 2DES. As SAW propagates on the surface of
GaAs/AlGaAs samples which are piezoelectric, its co-
propagating piezoelectric field interacts with the adja-
cent 2DES through a relaxation process [44, 45]. This
piezoelectric field will be fully screened when the elec-
tronic relaxation time (i.e. the transport lift time τtr)
is shorter than the acoustic wave period. In the weak-
coupling limit, the relaxation model predicts that the
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FIG. 1. (a) The image of our sample. The dm= 1.2mm square
van der Pauw mesa with four contacts is defined by wet etch-
ing. (b) The frequency spectrum measured by IDT pair A &
C. The red triangle marks the resonance frequency fc ≈ 580.5
MHz, at which all the rest measurements are performed.

SAW attenuation coefficient Γ and its normalized veloc-
ity shift η = ∆v/v0 is related with the 2DES conductivity
σxx as:

Γ = k
K2

eff

2

σxx/σM

1 + (σxx/σM )2
(1)

η = ∆v/v0 =
K2

eff

2

1

1 + (σxx/σM )2
(2)

where v0 = v (σxx →∞ ) and K2
eff is the effective piezo-

electric coupling constant. The characteristic conductiv-
ity σM = v0(ϵ) ≈ 4 − 7 × 10−7 Ω−1, with ϵ being the
effective dielectric constant.
This relaxation model has been widely used to inter-

pret experimental observations in many previous stud-
ies, where the SAW amplitude is large (namely many
electrons are confined by the piezo-potential) [20–25, 29–
31]. However, recent experimental observations suggest
some insufficiencies when strongly correlated electron
solid phases are present [26–28, 32]. In this work, we
study 2DES using SAW amplitude that is orders of mag-
nitude smaller than previous studies. Our data demon-
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strate the inadequacy of the relaxation model at low fill-
ing factors. We find that the interaction between 2DES
and SAW is influenced by the presence of current and
changing acoustic power, which are also missed in the
relaxation model.

2.SAMPLE AND METHODS

Our sample is fabricated from a GaAs/AlGaAs single-
interface heterostructure grown by molecular-beam epi-
taxy whose 2DES layer is located approximately 120 nm
below the surface. The electron density is 1.12 × 1011

cm−2 and the low temperature mobility is µ ∼ 1 ×
106 cm2V−1s−1. The 2DES mesa is a 1.2 × 1.2mm2

square at the center, with four annealed Ge/Au/Ni/Au
Ohmic contacts at the corners of the sample. Four in-
terdigital transducers (IDTs), fabricated using maskless
laser lithography, are symmetrically arranged around the
square mesa. Each IDT consists of 170 pairs of 1 µm wide
Al finger electrodes, separated by an interdigitated gap
of 1.5 µm. Such IDT configuration generates SAW with
a wavelength of λ =5 µm if excited at its resonance fre-
quency fc =580.5 MHz; see Fig.l(b). The aperture of the
IDT spans 1220 µm, slightly wider than the mesa. We
removed 200-nm-thick AlGaAs below the IDT, includ-
ing all doping layers, to ensure optimal performance. All
the measurements are conducted in a dilution refrigerator
whose base temperature is approximately 10 mK.

The frequency dependence of the amplitude and phase
of the transmission coefficient, |S21| and ϕ, is illus-
trated in Fig.1(b). The data is measured at 50 mT
and fridge base temperature. The low-field SAW velocity
can be estimated from the resonance frequency through
v0 = fc · λ ≃ 2900 m/s, and its total traveling time can
be deduced from the phase-frequency relation within the
resonance peak τ0 = ∂ϕ/∂(2πf) = 0.85 µs. This esti-
mated SAW travel distance d = v0τ0 ≃ 2.5 mm is consis-
tent with the 2450 µm center-to-center distance between
opposite IDTs. A homemade RF lock-in amplifier with
high sensitivity and low noise was utilized to monitor
the amplitude and phase shift [46]. The SAW velocity
shift is calculated as η = ϕ/2πfcτ , with τ ≃ 0.4 µs, the
SAW traveling time through the 1.2 mm square 2DES
mesa [32]. Unless otherwise specified, the input excita-
tion power applied to the IDT is 1 nW.

3.RESULTS AND DISCUSSION

Figure 2(a-c) show the longitudinal magneto-resistance
Rxx measured using conventional lock-in techniques at
7.3 Hz, the SAW attenuation Γ and velocity shift η in
reference with their zero magnetic field values. By com-
paring Fig. 2(a) and (c) data, the SAW results are more
reliable and sensitive than the conventional transport
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FIG. 2. (a-c) The longitudinal resistance Rxx measured using
conventional 4-point transport measurement, the SAW atten-
uation coefficient Γ and velocity shift η measured when all
contacts are grounded. (d) The current induced SAW veloc-
ity shift measured when an oscillating positive current (see
the inset) flows between contacts 1 and 2.

measurement. For example, features corresponding to
the ν = 4/3 fractional quantum Hall effect are clearly
seen in Fig. 2(c) while they are invisible in Fig. 2(a).
Although the response of other phases such as CDW in
SAW measurement is not well understood, the observed
ν = 4/3 feature is more likely a signature of quantum Hall
liquid. This is because the formation of CDW phases can
either cause anisotropic η or a negative η[26]which is not
the case here. SAW measurement exhibits features even
if droplets of quantum Hall liquid appear, while showing
transport features requires the quantum Hall region be
sufficiently large to conduct the dissipation-less current.
The better performance of SAW measurement can also
be seen at low magnetic fields, illustrated in Fig. 3(a).
The conductivity of 2DES exhibits Shubnikov–de Haas
(SdH) oscillations, and the oscillation in η starts at simi-
lar field as the best Rxx. Enhanced η, seen as maximum
in Fig. 2(c), appears at even integer filling factors when
the magnetic field exceeds about 0.1 T. Above 0.38 T,
maximum develops at odd integer fillings, corresponding
to the breaking of spin degeneracy. This is also similar
to the Rxx data. The fact that acoustic speed increases
at integer fillings is consistent with the relaxation model,
where the 2DES’s screening capability against piezoelec-
tric fields vanishes when it forms an incompressible quan-
tum Hall liquid. The electrons become mobile when the
2DES is compressible at half-integer fillings. They screen
the SAW’s piezoelectric fields and slow down the sound
velocity. It is quite surprising that η almost always equals
it’s zero-field value, despite the fact that the conductiv-
ity of 2DES in these high mobility samples vanishes as
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B−2[47].
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FIG. 3. (a) Expanded plot of η and Γ at low magnetic field.
(b) η vs. 1/B exhibits an exponential relation for both even
and odd integer filling factors. The red/blue dots are exper-
iment data at odd/even fillings. The black dashed lines are
the fitting curves, see text. (c) Γ vs. 1/B. (d) The relation
between Γ and the normalized velocity shift η/ηm. The inset
displays the high filling factors datapoints and the black line
is the best fitting with Eqs.(1) and (2) usingK2

eff = 1.2×10−4.

We now summarize the η and Γ at integer fillings as
a function of their corresponding magnetic fields in Fig.
3(b-c). We find that η has a clear exponential depen-
dence on 1/B over nearly 3 orders of magnitude. Note
that the relaxation model is not suitable to describe
the interaction between the SAW and the incompress-
ible QHE when the screening is likely caused by creating
quasiparticles/quasiholes. One would not be surprised
to see the exponential relation η ∝ exp(−∆e/h̄ωc) and
η ∝ exp(−∆o/EZ) at odd and even filling factors, respec-
tively. By fitting the data in Fig. 3(b), we can deduce
the energy that describes this SAW-2DES interaction,
∆e ≃ 14K and ∆o ≃ 0.9K. Here, h̄ωc is the cyclotron
energy and EZ is the Zeeman energy.

The deviation of our experimental results with the re-
laxation model is more pronounced in the evolution of
the SAW attenuation Γ. When we increase the mag-
netic field, Γ at integer fillings first increases and reaches
its maximum at about 0.2 T before decreasing. This is

expected by the relaxation model and the Γ maximum
signals that σxx = σM . When we further increase the
magnetic fields to above 0.8 T, a peak in Γ appears at
integer fillings in contrast to the Γ minimum seen at low
fields. This peak becomes dominant at the filling factor
ν = 4 and continuously grows larger as we decrease the
filling factor.

The anomalously increasing Γ after the low-field peak,
seen when σxx = σM , while η monotonically increases,
is counterintuitive. The 2DES becomes more incom-
pressible and the SAW-2DES interaction should be even
weaker for QHE at lower fillings. Furthermore, Γ seen
at low fillings is much larger than its low field values in
all conditions (below 3 dB/cm in Fig. 3(a)). We also
note that at ν = 1/2, 3/2, where the 2DES is compress-
ible and η equals its zero field value, Γ becomes an order
of magnitude larger than its low field values; note that
the unit of Γ is logarithmic in Fig. 3. A possible reason
could be attributed to the emergence of correlated states
stabilized by the strong electron-electron interactions at
low filling factors, such as quantum Hall effects, compos-
ite fermion Fermi sea, Wigner crystals, etc. These states
might be effective in damping the SAW’s piezoelectric
fields by mechanisms such as electron-electron scattering,
while their long range correlation prevents the reducing
of the acoustic velocity.

We summarize the η and Γ values for even and odd
integer filling factors and depicted in Fig. 3(d). The
Γ vs. the normalized velocity shift η/ηm relation is al-
most the same for the odd and even filling factors. Here,
ηm ≃ 663 ppm is the maximum SAW velocity shift at
1/B = 0 T−1 obtained from fitting the Fig. 3(b) data.
The relaxation model is only applicable to high filling
factor states, see the Fig. 3(d) inset. At low filling fac-
tors, Γ increases nearly linearly with η, and we do not
observe any sign of saturation in Γ up to ν = 1. As far
as we know, a suitable theoretical modeling of the SAW-
2DES interaction is missing. We hope that our clear
experimental observations can help to stimulate future
investigations.

We would like to emphasize that the above observa-
tions can only be seen when using extremely low SAW
powers, and the presence of a conducting current can
also vary the observed Γ and η [48]. In Fig. 4(c-
d), we measured the variations in attenuation coefficient
(δΓ = Γ(I)− Γ(0)) and velocity shift (δη = η(I)− η(0))
as a function of DC current IDC at ν = 1 with various
input SAW powers. The variations of Γ and η with SAW
power when IDC = 0 are depicted in Fig. 4 (a & b).

At ν = 1, Γ decreases by about 15 dB/cm when in-
creasing the SAW power from 1 nW to about 80 nW.
This is to say, the anomalous Γ peak seen in Fig. 2(b)
can only be seen at sufficiently low SAW amplitude. On
the other hand, Γ slightly increases by about 2 dB/cm
when we increase the current to almost 1 µA. Meanwhile,
increasing SAW amplitude reduces η, while DC current
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leads to an increasing η. This is rather interesting as
the data suggests that SAW and current have opposite
effect on the 2DES. One other noteworthy feature in Fig.
4(c) and (d) are the fact that the current effect has a
clear threshold of about 300 nA in the 1 nW SAW power
trace, which disappears at large SAW power.

In order to compare the DC current effect for different
phases, we applied a 0.25 Hz, 400 nA peak-to-peak AC
current with a 200 nA DC offset between contacts 1 and
2 of the sample. The resulting change in SAW velocity
is represented by a normalization parameter κ = η−1

m ·
(∂η/∂|I|). κ approaches zero when the QHE is strong,
e.g. at integer ν = 1, 2, 3, etc. or fractional ν = 2/3.
This is expected from the threshold feature seen in Fig.
4(b). On the other hand, when the QHE is fragile at ν =
4/3, 2/5, a substantial negative κ is observed, suggesting
that the applied current makes the 2DES more efficient
in slowing down the acoustic wave.

In Fig. 2(d), κ has a large negative value on the edge
of the Rxx plateaus. In Fig. 4(a-b & e-f), we focus on
one of these negative κ peaks at 5.7 T (marked by arrows
in Fig.2). As we have discussed earlier, increasing SAW
power and sending current have opposite effect on η and
Γ at ν = 1, they lead to qualitatively the same outcome
at 5.7 T. In both cases, η decreases and Γ increases. We
note that, the Λ-shape maximum of the η vs. IDC relation
at low SAW power becomes flat at large SAW power,
opposite to the observed trend at ν = 1. We also would
like to point out that the changes in η and Γ tend to
saturate at IDC

>∼ 700 nA, while no sign of saturation is
seen at ν = 1 until 2 µA, which is still far less than the
breakdown current of the ν = 1 QHE.

4. CONCLUSION

Our systematic study shows that the conventional re-
laxation model is insufficient in describing the SAW-
2DES interaction at very low SAW power and when
2DES forms strongly correlated states. We present as
much experimental evidence as possible, and hope a com-
prehensive theoretical models can be proposed in the fu-
ture.
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