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Delocalized low-frequency magnetoplasmon in a two-dimensional
electron fluid with cylindrical symmetry
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The properties of a two-dimensional (2D) electron system can be drastically altered by a magnetic field applied
perpendicular to the 2D plane. In particular, the frequency of its bulk collective excitations becomes gapped at
the cyclotron frequency, while the low-frequency localized excitations, the edge magnetoplasmon (EMP), appear
near the system’s edge. A new type of the delocalized low-frequency excitations, the gradient magnetoplasmon,
was recently shown to exist in a 2D electron system with a linear density gradient that breaks the system’s
cylindrical symmetry [Phys. Rev. B 103, 075420 (2021)]. Like EMP, these new excitations are gapless and
chiral, and originate from the classical Hall effect. Here we show that a similar magnetoplasmon mode can exist
in a system with strongly inhomogeneous radial distribution of the electron density that preserves the cylindrical
symmetry. This is experimentally demonstrated in a pristine system of surface electrons on liquid helium and
is confirmed by a numerical simulation. This result extends the variety of known collective excitations in a 2D
charge system and presents electrons on helium as a promising model system for their study.
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I. INTRODUCTION

Collective excitations in a system of many interacting
particles present a problem of general interest in many scien-
tific fields ranging from condensed-matter physics to material
science and engineering. While in general the many-body
physics of interacting particles is very complicated, there
exists model systems where the many-body dynamics can
be well understood and confirmed by the experiments. The
two-dimensional electron gas (2DEG) in semiconductors and
graphene is of a particular importance due to its simple en-
ergy structure and emerging quantum phenomena [1–7]. A
system of electrons trapped on the surface of liquid helium
presents another model system, which is a unique classical
counterpart of the quantum-degenerate 2DEG [8]. The distri-
bution of electrons over the motional states is described by the
Boltzmann statistics, while the Coulomb interaction between
electrons impose on the system the properties of an electron
fluid or a Wigner crystal [9]. Novel collective excitations,
such as coupled plasmon-ripplon modes [10] and chiral edge
magnetoplasmons [11–13], were first observed in this sys-
tem. The electron-on-helium system is free of static disorder,
which allows one to account for the scattering processes and
dissipation in the system [14].

The plasmon excitation in an electron fluid represents
the coherent oscillations of the particle density, with the
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dispersion law defined by the dimensionality of the system.
For an infinite two-dimensional (2D) electron system subject
to the magnetic field B applied perpendicular to the 2D plane,
the standard hydrodynamic approach predicts existence of
propagating charge oscillations with a dispersion law gapped
at the cyclotron frequency ωc = √

eB/me (here e > 0 and me

is the elementary charge and free electron mass, respectively),
which sets the lowest limit on the frequency of propagating
magnetoplasmons for a given value of B. For a confined
2D system another type of magentoplasmon oscillations can
be excited near the system’s edge, which induces an abrupt
change in the electron density. These chiral edge magneto-
plasmons (EMPs) are confined close to the edge and propagate
along it in the direction determined by the direction of the ap-
plied perpendicular magnetic field. The EMP dispersion law
is strikingly different from that of the bulk magnetoplasmons.
In particular, the frequency is proportional to the inverse
magnetic field and the spectrum is gapless. EMP oscillations
originate from the classical Hall effect and their dispersion
law can be obtained using the continuity equation and as-
suming that the charge fluctuations are confined within a
quasi-one-dimensional (quasi-1D) strip along the edge [15]

ωq =
(

ensq

2πε0B

)
ln

1

qa
, (1)

where a is the effective width of the strip. For an unscreened
system with a sharp edge, the electric field and the current
resulting from the charge density oscillations decay inversely
proportional to the distance away from the edge, similar to
the field of a charged line. Therefore, the effective width a is
of the order of q−1. For a realistic case of a finite screened
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electron system, it depends in a complicated manner on the
screening length and the electron density profile [16]. Often,
it is chosen as a phenomenological parameter, which is deter-
mined from experiments [17]. For the typical values of B used
in the experiments, the EMP frequency of electrons on helium
is several orders of magnitude smaller than that of the bulk
magntoplasmons.

It is commonly accepted that these localized quasi-1D
magentoplasmons are the only possible propagating low-
frequency modes in a 2D system. However, recently it was
demonstrated that a linear gradient in the electron density
breaks the cylindrical symmetry of the system and results in a
new kind of excitation, the gradient magnetoplasmon (GMP),
which is in the same frequency range as EMP [18]. Like
EMP, these chiral magnetoplasmons originate from the classi-
cal Hall effect, while the symmetry-breaking density gradient
results in the coupling between different angular harmonics of
the propagating excitation. Remarkably, GMP is delocalized
from the edge and propagates in the bulk of the system with
the dispersion law resembling that given by Eq. (1). The exis-
tence of GMP was experimentally demonstrated in a circular
pool of 2D electrons trapped on the surface of liquid helium,
which was also confirmed by a numerical simulation [18].

A general argument towards the existence of GMP in an
infinite 2D system can be made as follows. The electron
density fluctuations propagating in y direction, δn ∝ ei(qy−ωqt ),
produce the Hall current jx ∝ σxy = ene/B, where ne is the
average density of electrons. In the presence of a linear density
gradient λ = dne/dx �= 0, the charge accumulates between
the minima and maxima of the density fluctuations, thus sus-
taining the propagation of δn in the y direction. In a way, this
is similar to the propagation mechanism of EMP along the
edge of a finite system, where the charge density undergoes an
abrupt change [15]. In the finite electron system with circular
geometry considered in Ref. [18], the linear density gradient
induces propagating angular excitations and, additionally, fa-
cilitates coupling between different angular harmonics. The
existence of such excitations, which depended on λ by tilting
the liquid surface with respect to the confining electrodes, was
confirmed in the experiment.

However, the general argument given above also applies
for a system with an inhomogeneous radial gradient of the
density that preserves its cylindrical symmetry. It might be
expected that such a gradient would produce propagating an-
gular excitations, except without coupling between different
harmonics. To test this prediction, we have constructed an
electron system on the surface of liquid helium with a strongly
nonuniform radial gradient of its density induced by the cur-
vature of the top electrode creating a nonuniform electrostatic
environment. In addition to the usual quasi-1D EMP modes,
the low-frequency magnetoplasmon exhibit a lower-frequency
delocalized 2D magnetoplasmon mode with the dispersion
law inversely proportional to the applied magnetic field. The
existence of such excitation is confirmed by our numerical
simulation, which exhibits a very good agreement with the
experimental result. We notice that in gated two dimensional
electron gas, sharp changes in electrostatic environment have
been shown to create additional modes near the gate boundary
recently [19]. Here we show how a smooth change in the elec-
trostatic environment can induce a delocalized GMP mode.

FIG. 1. (a) Schematic view of the experimental cell filled with
liquid helium. The Corbino disk, used in the experiment to detect
and excite charge oscillations in a 2D electron system, is shown at the
bottom of the cell, covered by liquid helium. (b) Electrode structure
of the Corbino disk. The outer circular electrode is divided into
four independent equal-area segments, which break the azimuthal
symmetry of the setup. (c) The cross section of the experimental
cell shown in panel (a). The white dot line schematically shows the
2D electron system formed on the surface of liquid 3He set distance
D above the cell’s bottom. Electrons are accumulated on the free
surface of liquid helium above the positively biased Corbino disk,
at the bottom of the cell. The color map shows the numerically
calculated electric potential � due to a positive bias voltage V = 1 V
applied to the electrodes of the Corbino disk. Note that the electric
field above the liquid surface is completely screened for the saturated
surface electrons’ charging density which is shown here.

II. RESULTS

A. Experimental setup

In our experiment, the 2D electron system is formed on the
free surface of liquid 3He condensed in a leak-tight copper
experimental cell attached to the mixing chamber of a dilu-
tion refrigerator [20]. The cross section of the cell is shown
in Fig. 1(a). The cell has the cylindrical symmetry, with a
cylindrical lower part and hemispherical upper part. The liq-
uid level is set a distance D ≈ 0.8 mm above the bottom of
the cell. Electrons are generated through thermionic emission
from a tungsten filament positioned inside the cell, just above
the surface of liquid helium. These electrons accumulate on
the liquid’s surface above a positively biased round electrode,
referred to as the Corbino disk, situated at the center of the
cell’s bottom. The Corbino disk consists of three concentric
electrodes with outer radia 4, 6, and 8 mm separated by two
gaps of 0.2 mm width; see Fig. 1(b). In addition, the outer
electrode is divided into four segments of equal area. Inde-
pendent dc bias potentials Vc, Vm, and Vo can be applied to
the inner, middle, and outer electrodes of the Corbino disk,
respectively, as shown schematically in Fig. 1(b). Note that
in the experiment described here the same potential Vo is
applied to all four segments of the outer electrode. Initially,
the same bias voltage is applied to all three electrodes of
the Corbino disk (Vc = Vm = Vo) and the surface of liquid
helium is charged with electrons. The number of the surface
electrons Ne after charging can be determined by calculating
the radial density profile of the electron system under the
assumption of the complete screening of the electric field
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FIG. 2. Radial distribution of the electron density calculated as-
suming a fixed number of electrons Ne ≈ 14.9 × 106 for different
voltages Vc, Vm, and Vo applied to the electrodes of the Corbino disk.
The solid black line corresponds to Vc = Vm = Vo = 1 V, while the
other lines correspond to Vc = Vm = 14.3 V and different values of
Vo.

above the charged surfaces [21]. After the charging, the radial
density profile ne(r) can be varied by independently adjusting
the bias potentials Vc, Vm, and Vo. The results of the numerical
calculations for Ne ≈ 1.4 × 107, which corresponds to charg-
ing the surface with V = 1 V of the dc potential applied to the
Corbino disk electrodes, are shown in Fig. 2. The density pro-
file immediately after charging is given by the black solid line
corresponding to Vc = Vm = Vo = 1 V. By increasing the val-
ues of Vc = Vm, we can obtain a strongly nonuniform density
profile close to a parabolic shape; e.g., see dotted line in Fig. 2.
Alternatively, by setting Vo � Vc = Vm, the density changes
nonmonotonically with the radius forming a “caldera” profile;
e.g., see short-dashed line. Contrary to the density profiles
considered in Ref. [18], in the present experimental setup the
density profiles do not show any flat regions for any applied
potentials.

A standard method to excite and detect the charge oscilla-
tions in the electron system on liquid helium is to apply an ac
driving voltage of amplitude Vac and angular frequency ω to
one of the electrodes of the Corbino disk and then measure the
current Iac induced by the electron motion at another electrode
(the Sommer-Tanner method) [18]. By applying a driving
voltage and measuring induced current using the concentric
circular electrodes we could probe the radial bulk distribution
of the time-dependent charge oscillations, as described below.
Alternatively, using the segments of the outer electrode we
could probe the angular modes of charge oscillations in the
vicinity of the edge of the electron system[17,22]. Various
parameters, such as the driving frequency, the magnitude of
the magnetic field B, and the bias voltages Vc, Vm, and Vo,
could be varied independently, thus providing information
about the dependence of the resonant plasmon frequency on
the magnetic field, the size of the system, and the density
distribution of electrons in the system.

FIG. 3. (a) In-phase and quadrature components of the current
induced by the motion of electrons at the middle electrode of the
Corbino disk when an ac driving voltage at the frequency ω is applied
to the center electrode. (b) The amplitude of the current obtained
from the current components from panel (a) showing the presence of
two resonance modes at 50 kHz and 140 kHz. The simulated density
profile for this experiment is shown on Fig. 2 for Vo = 14.3 V.

B. Experimental observations

Initially, the surface of liquid helium was charged with
an electric bias potential of 1 V applied to the electrodes of
the Corbino disk. After charging, this potential was raised to
a higher value in order to confine and stabilize the system
against electron loss due to mechanical disturbances. Figure 3
shows an example of the magentoplasmon modes detected by
the Sommer-Tanner method at the magnetic field B = 0.2 T,
the liquid helium temperature T = 170 mK, and the dc bias
potentials Vc = Vm = Vo = 14.3 V. For such potential, the
density of electrons at the center and the radius of the electron
system was estimated to be ne = 1.6 × 1011 m−2 and R =
6 mm, respectively (see dash-dotted line in Fig. 2). The panel
(a) shows the in-phase and quadrature components of the
electric current induced by electrons at the middle section of
the Corbino disk when an ac voltage at the frequency ω and
with the rms amplitude Vac = 10 mV is applied to the central
section. The cross-talk current due to the driving voltage,
which is capacitively coupled to the middle electrode, was
subtracted for clarity. The amplitude of the current Iac obtained
from the data in Fig. 3(a) is shown in Fig. 3(b). A similar
result was obtained by applying the ac driving voltage with
the same frequency and amplitude to the middle electrode,
while measuring the induced current at the central electrode.
Two clear plasmon resonances are observed at the driving fre-
quency: f ≈ 50 and 140 kHz. For now, we will refer to these
two modes as the low-frequency mode and the high-frequency
mode, respectively. Note that for B = 0.2 T used to obtain data
shown in Fig. 4 the cyclotron frequency is ωc/2π = 5.6 GHz,
thus eliminating the possibility that the observed modes orig-
inate from the ordinary bulk magnetoplasmons described by
the gapped dispersion law.
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FIG. 4. (a) In-phase and quadrature components of the current
induced by the motion of electrons at one of the segments of the
outer electrode of the Corbino disk when an ac driving voltage at
the frequency ω is applied to the center electrode. (b) The amplitude
of the current obtained from the data shown in panel (a). The inset
shows a magnified signal in the low-frequency range of the main
plot. The data are taken at the same magnetic field, temperature,
and electron density as the data shown in Fig. 3. The 50 kHz low
frequency resonance is not visible in this figure with detection from
segments at the edge of the electron cloud, contrarily to Fig. 3 where
the induced current is measured from the middle electrode. This
shows that the 50 kHz resonance is not localized on the edge of the
system like EMP.

In order to identify these resonant plasmon modes,
the current induced by electrons at one of the segments
of the outer section of the Corbino disk was measured under
the same condition as in Fig. 3. Figure 4 shows the in-phase
and quadrature components (a) and the amplitude (b) of the
current signal induced by electrons on a segment of the outer
electrode, while the driving ac voltage Vac = 10 mV is ap-
plied to the central electrode. A strong plasmon resonance is
observed at the frequency 140 kHz. A series of much weaker
noiselike signals of unknown origin is seen at the frequencies
below 40 kHz; see the inset of Fig. 4(b). Remarkably, the
resonant mode at 50 kHz appearing in Fig. 4 is not observed.
The sharp difference between Fig. 3 and Fig. 4 clearly shows
that the plasmon modes at 50 and 140 kHz have different
origin. Again, we confirmed that a similar result to that shown
in Fig. 4 is obtained by applying the ac driving voltage to
the middle electrode and measuring the induced current at the
same segment of the outer electrode.

The absence of the signal induced by the low-frequency
mode at the outer electrode indicates that it corresponds to the
bulk distribution of charge oscillations in the electron system.
Contrarily, a strongly enhanced signal at 140 kHz detected
at the outer electrode indicates that this mode is localized
near the edge, that is, it corresponds to the ordinary EMP. To
verify the latter, we have repeated the experiment at the same
magnetic field, temperature, and electron density as those used

FIG. 5. Resonant and its harmonics observed by applying an ac
driving voltage to one of the segments of the outer electrode of the
Corbino disk, while measuring the amplitude of the induced current
Iac at the segment on the opposite side of the outer electrode. The
data are taken at the same experimental conditions as the data shown
in Figs. 3 and 4.

to obtain Figs. 3 and 4 but applying the ac driving voltage
Vac = 10 mV to one of the segments of the outer electrode of
the Corbino disk, while measuring the current Iac induced by
the electron motion at another segment located at the opposite
side of the outer electrode. We note that this is a standard
configuration of the Sommer-Tanner method for detecting the
EMP resonances [23,24]. The measured current amplitude
versus excitation frequency is shown in Fig. 5. In addition to
the high-frequency mode at 140 kHz, which can be identified
as the fundamental (m = 1) EMP resonant mode, we observe
its higher harmonics (m = 2, 3). As expected, no signatures
of the bulk low-frequency mode are observed at 50 kHz.

It was confirmed that the frequencies of both modes de-
pend linearly on the inverse magnetic field B. As an example,
Fig. 6 shows the plot of the resonant frequency versus B−1

for the low-frequency (solid circle) and high-frequency (open
squares) modes. The data were taken by applying the same dc
bias of 14.2 V to all three electrodes of the Corbino disk. Red
lines show linear fits for the low-frequency (solid line) and
high-frequency (dashed line) modes with the Y-axis intercept
set to zero and with the slope equal to approximately 6.99 ±
0.02 and 16.97 ± 0.16 kHz T, respectively. For comparison,
the slope estimated from the EMP dispersion law given by
Eq. (1) and neglecting the logarithmic factor is approximately
76.7 kHz T, where we assume ne = 1.6 × 1011 m−2 and R =
6 mm; see the dash-dotted line in Fig. 2. To estimate the
logarithmic factor, we can assume that the effective width a
is equal to the screening length D due to the bottom electrode,
which results in ln(qD)−1 ≈ 0.18 and the slope equal to ap-
proximately 13.8 kHz T. This agrees reasonably well with the
measured slope for EMP in Fig. 6.

Finally, we investigated the dependence of the frequency of
the observed modes on the distribution of the electron density.
As was described earlier, in our experiment, the radial distri-
bution of the electron density could be varied by applying dif-
ferent dc bias potentials to the three concentric electrodes of
the Corbino disk. In particular, by varying the bias potential Vo
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FIG. 6. Frequencies of the low-frequency (solid circles) and
high-frequency (open squares) magnetoplasmon modes versus the
inverse magnetic field. Red lines are linear fits for each mode with
the intercept of the y axis set to zero.

applied to the outer electrode, while fixing the bias potentials
applied to the central and middle sections, the radial distribu-
tion could be changed as shown in Fig. 2. Figure 7 shows a
color map of the measured current amplitude Iac versus the dc
voltage Vo and the driving frequency ω. As for the data shown
in Fig. 3, the driving ac voltage Vac = 10 mV was applied to
the central electrode of the Corbino disk, while the current
induced by electrons at the middle electrode was measured.
The central and middle electrode bias potential was fixed at
Vc = Vm = 14.3 V and the data were taken at B = 0.1 T and

FIG. 7. Color map of the current amplitude Iac measured at the
middle electrode of the Corbino disk, while an ac driving voltage
Vac = 10 mV is applied to the center electrode, versus the driving
frequency ω and the dc bias voltage Vo, with fixed Vc = Vm = 14.3 V.
The data were taken at B = 0.1 T and T = 170 mK. Note that the
color map is not perceptually uniform to accentuate the small signal
GMP peak.

FIG. 8. Numerical simulation of the current signal (in arbitrary
units) induced at the middle electrode by the electron density os-
cillations under the same magnetic field and the electron density
distribution as in Fig. 7. Note that the color map is not perceptually
uniform to accentuate the small signal GMP peak.

T = 170 mK. At Vo � 16 V, the low-frequency mode and
the high-frequency EMP mode are clearly observed. At Vo �
16 V, the EMP mode splits into a pair of modes showing the
same frequency dependence on Vo. Note that for such voltages
the electron density shows a well-developed “caldera” profile
(see Fig. 2); therefore, it is reasonable to suggest that a pair of
resonant modes seen in the experiment at such voltages cor-
responds to the fundamental EMP modes propagating along
the inner and outer edge of the electron ring. We note that
such interedge-magnetoplasmons (i-EMPs) in a ring-shaped
electron system on liquid helium have been reported earlier
[25]. This provides an additional support for our identification
of the high-frequency mode as a localized EMP.

C. Comparison with numerical simulation

In order to confirm the behavior observed in Fig. 7, we car-
ried out a numerical simulation of the current signal induced
by the density fluctuations at the middle electrode under the
same conditions as in Fig. 7(a). The results of the simulation
are shown in Fig. 8. The simulation assumes Ne = 1.1 × 107

electrons having the radial density distribution preserving
the cylindrical symmetry and includes only the fundamental
angular harmonic of the density fluctuations. Other details
of the numerical method were described previously [18].
Overall, we find a rather remarkable agreement between the
experimental data and the simulation results. In particular, the
delocalized low-frequency mode is clearly reproduced by our
simulation.

III. DISCUSSION

In the experiment reported here we clearly identified
two different modes which have an identical dependence of
their frequencies on the magnetic field B (see Fig. 6) but
a different behavior depending on the driving condition and
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configuration of the electron system; e.g., see Fig. 7. It follows
from the earlier discussion that both modes originate from the
same physical mechanism, namely the classical Hall effect,
which explains the inverse B dependence of the dispersion
law. Both modes correspond to the angular standing wave
excitation, as is confirmed by our numerical simulation. The
standard electrode configuration which allows one to excite
and detect the angular modes of EMP is a segmented electrode
which breaks the cylindrical symmetry of the measuring setup
[23,24]. It is clear that the angular modes cannot be excited
and detected by a pair of circular electrodes that preserves
the cylindrical symmetry, which is opposite to what is ob-
served, for example, in Fig. 3. However, note that in a real
experimental setup there are always some deviations from
the cylindrical symmetry due to a misalignment of the top
and bottom parts of the experimental cell, a tilt of the liquid
helium surface with respect to the cell electrodes, etc. Such
deviations can cause the excitation of the angular modes of
the charge oscillations by applying the voltage drive to the cir-
cular electrodes. We note that in the experiment reported here
the frequency of the observed low-frequency mode was found
to be independent on the tilting angle in the range ±0.5◦.
This agrees with our expectation that this mode originates
from the strongly nonuniform radial density profile of the
electron system induced by the curved top electrodes rather
than from the linear density gradient considered previously
[18]. However, our numerical simulations suggest that the low
frequency GMP mode reported here smoothly evolves into
the GMP mode induced by a linear density gradient when
its amplitude increases (see the Appendix). Confirming this
connection between GMP modes requires further study.

IV. CONCLUSIONS

To summarize, we showed that a new type of delocal-
ized low-frequency magnetoplasmon can exist in a confined
electron system with strongly nonuniform radial density dis-
tribution which preserves the cylindrical symmetry of the
system. The existence of such magnetoplasmon is experimen-
tally demonstrated in a clean system of electrons trapped on
the surface of liquid helium and is confirmed by the results
of a numerical simulation. Realization of such a magne-
toplasmon in other mesoscopic systems, such as 2DEG in
heterostructures, could be of a particular interest. In general,
we believe that this work expands our knowledge of the col-
lective phenomena in charged systems and demonstrates the
system of electrons on helium as a promising platform for
their study.
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FIG. 9. Simulations of the effect of a uniform density gradient on
the frequency of EMP and GMP modes.

APPENDIX: SIMULATIONS WITH A
LINEAR DENSITY GRADIENT

We investigated numerically the influence of a linear den-
sity gradient on the frequency of the GMP mode in the
experimental cell geometry with electrostatic inhomogene-
ity induced by curved top electrodes. For this purpose we
simulated the effect of a constant density gradient λ us-
ing equations from [18] and taking into account the curved
electrode geometry. The results of simulation are shown in
Fig. 9. For λ = 0, the shown data correspond to a slice of
Fig. 8 for Vo = 5 V. Since there is no coupling between
angular harmonics in this simulation, we assumed an arti-
ficial asymmetric excitation so that the EMP mode can be
excited. For λ > 0 we simulated the response expected from
central excitation as in the experiment assuming that λ is
the only coupling term between harmonics. For small λ =
5 × 105 cm−3, the resonance frequency is not changed and
we do not see any additional GMP mode due to the gradient,
while for higher values of λ = 106 cm−3 both GMP and EMP
peaks are shifting due to the gradient. This suggests that there
is a single low frequency GMP mode whose frequency is
given by the main source of nonuniformity (curved electrodes
or density gradients). However, more detailed theoretical in-
vestigations are needed to settle this question reliably. We
notice also that the simulations with finite λ predict a weaker
response of the EMP compared to GMP for a priori sym-
metric excitation on the central electrode. This is also what
we observed for the flat electrodes’ geometry previously [18].
In the present experiment, we observe a similar EMP and
GMP response amplitude. This probably indicates an addi-
tional source of symmetry breaking, such as a misalignment
between the centers of the top and bottom electrodes. Further
investigations are needed to clarify this.
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