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An ensemble of electrons trapped above superfluid helium offers a paradigm
system for investigating and controlling collective charge dynamics in low-

dimensional electronic matter. Of particular interest is the ability to spatially
control and engineer surface plasmons for integration with hybrid quantum
systems and circuit quantum electrodynamic device architectures. Here we
present experiments using an electron-on-helium microchannel device that
hosts microwave-frequency plasmons, generated via local microwave excita-
tion in an electrostatically defined central channel. By precisely varying the
electron density, we demonstrate tunability of plasmon mode frequencies
over several GHz. Additionally, we find that the power dependence of these
modes can be used to investigate both homogeneous and inhomogeneous
sources of spectral broadening. These results demonstrate the versatility of
electrons on helium for probing collective excitations in low-dimensional
Coulomb liquids and solids, and demonstrate a path for integrating engi-
neered plasmons in electrons on helium with hybrid circuit quantum elec-
trodynamic systems.

Circuit quantum electrodynamics (cQED)' has enabled the develop-
ment of sophisticated quantum control and measurement protocols
for a wide variety of quantum systems, ranging from superconducting
circuits? and semiconductor spins’, to systems of trapped electrons*™,
as well as nano- and micromechanical oscillators’ . These techniques
can also be leveraged as powerful experimental tools for investigating
microwave frequency collective phenomena in quantum systems
composed of many interacting particles or degrees of freedom'™. For
example, when coupled with superconducting circuits, these approa-
ches have been used to study collective modes in magnonic"™** and
phononic®™® systems and to investigate the dynamics of spin
ensembles”?°.

Electrons trapped above the surface of condensed noble gas
substrates, such as superfluid helium or solid neon, are emerging as
promising systems for integration with cQED architectures and
microwave frequency devices for quantum information
processing”?*. At the level of single electrons, cQED techniques have
been used to investigate the in-plane orbital states of electrons on

helium** and have recently been utilized to realize high-coherence
charge qubits on the surface of solidified neon*®. In contrast to single
electron dynamics, these systems can also host a wide variety of col-
lective charge modes, including plasmonic*** and magneto-plasmonic
excitations®®*, as well as hybrid modes coupling the dynamics of
multiple degrees of freedom* . Additionally, ensembles of electrons
on helium have been strongly coupled to three-dimensional micro-
wave cavities to study cyclotron resonance®** and integrated into
hybrid circuits in which an electron ensemble is placed above a planar
microwave resonator®, Fully leveraging cQED-type techniques to
study the high-frequency dynamics of electrons on helium requires the
development of devices that have not only an optimized microwave
environment®, but also the ability to engineer and manipulate the
collective modes of the electron system via precise spatial control. In
this work, we address the latter of these aspects by realizing a device
that enables precision control over the spatial distribution of electrons
in a microchannel geometry, providing the ability to engineer, excite,
and detect plasmonic excitations with frequencies in a range
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compatible with cQED-based systems. Local microwave excitation
resonantly couples to the plasmon modes, which we detect via chan-
ges in the electron conductance determined by simultaneous trans-
port measurements. By precisely varying the electron density in the
microchannel, we can tune the frequency of the modes by several GHz.
Analyzing the power-dependent plasmon response allows us to
investigate possible mechanisms leading to plasmon dephasing and
energy loss. Finally, we highlight how this type of device and our
results demonstrate the overall system control necessary to integrate
with future low-loss microwave cQED architectures.

Results and discussion

Microchannel device for plasmon confinement

Microchannel device architectures, like the one we employ, are widely
used to study the effect of geometric confinement on the thermo-
dynamic ground state and transport properties of electrons on helium.
Typically in these devices, micron-scale deep channels are filled with
superfluid helium via capillary forces, and electrons are deposited
above the superfluid surface. Metallic electrodes around the channels
are used to precisely shape the electrostatic environment to control
the spatial distribution of surface state electrons and perform trans-
port experiments®**°. These types of channeled devices have been
used to reveal dynamical ordering of two-dimensional*** and quasi-
one-dimensional electron chains**, and perform ultra-efficient
clocking of electrons in microchannel-based CCD arrays**°. Here we
leverage a microchannel architecture to engineer the spatial structure
of the two-dimensional electron system in order to host and investi-
gate charge density oscillations, i.e. plasmons.

The device is fabricated on a7 mm x 2 mm high resistivity silicon
chip, onto which hard-baked resist is deposited and selectively etched
to create h ~ 1.4 um deep channels. As shown in Figure 1a, four elec-
trodes are lithographically patterned to define two reservoir areas
connected via a central microchannel region having a length of
L =90 um and a width of w = 7 um. The device is placed into a
superfluid-leak-tight sample cell that is mounted onto the mixing
chamber plate of a dilution refrigerator. Helium gas from a room
temperature volume is introduced into the sample cell, where it con-
denses into a superfluid and fills the channels via capillary action.
Electrons are deposited onto the superfluid surface via thermal emis-
sion from a tungsten filament.

The high degree of spatial control and confinement over the
electrons in the reservoirs and microchannel regions is enabled by
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Fig. 1| Microchannel device for plasmon-mode engineering. a False color
scanning electron micrograph of the microchannel device. Grounded guard elec-
trodes (green) patterned above a resist layer surround reservoir electrodes (yellow)
located beneath. The central microchannel region between the two reservoirs
consists of a channel electrode (red) and a top side gate electrode (blue). An ac
voltage V,. at a frequency f,. drives the electrons (white dots) through the channel,
and the resulting transport signal V; is detected via a lock-in amplifier. A microwave
signal with a frequency w/2m is applied to the gate electrode to generate long-
itudinal plasmons in the central channel (the first mode of which is shown

voltages (V;) applied to the four electrodes: Vg (gate), Ven (channel),
V. (reservoirs), and the guard electrode. These voltages allow us to
control the two-dimensional electrostatic environment experienced
by the electrons in the plane of the helium surface ¢(x, y) = Y;Viai(x, y)
(see Fig. 1b), where the constant a;(x, y) describes the capacitive cou-
pling between the electrons and the corresponding i electrode. To
design a given confinement profile, we numerically solve the Laplace
equation using finite element modeling (FEM) techniques*’. This allows
us to extract a; and construct the potential by applying appropriate
values of V;. This numerical procedure also allows us to calculate the
areal electron density ns(x, y) for a given potential.

By controlling the electrostatic environment in this fashion, we
can effectively create a resonant cavity for confined plasmonic modes,
i.e., oscillations of the charge density én; along the length of the central
channel. At the boundaries of the microchannel, electrons are free to
enter and exit into the reservoir regions, enforcing charge density
nodes at the ends of the channel, as depicted in Fig. 1a. Because the
number of electron rows is z 10 in the density regime in which we
investigate plasmons, the electrons in the central channel can be
modeled as a two-dimensional sheet of charge defined by the elec-
trostatic confinement produced by the electrode voltages. The long
and narrow geometry (L > w) of the central channel ensures a large
separation in frequency between plasmons along versus perpendicular
to the channel. This allows us to consider only longitudinal plasmon
standing-waves along the channel length, which have the following
dispersion relation?**%4%,

n.e?
w}= Zs;m \/GEF(qy) @
e

where w,, is the density-dependent frequency of a plasmon having
wavevector g, = nm/L and mode number n, m. is the electron mass, e is
the electron charge, and &, is the vacuum permittivity (see
Supplementary Information, section I). The wavevector-dependent
factor F(q,) takes into account the reduction in the electron-electron
interaction due to the presence of the nearby metallic electrodes. This
screening factor will correspondingly reduce the plasmon frequency?,
and for the geometry of our device, we utilize the following
phenomenological form for F(q,),

F(g,) = %(tanh g, + tanh g h), )

We
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schematically by the én; plot). b Top panel: Schematic cross-section view across
x =0 of the channel with a fixed dc bias voltage (i.e., no microwave drive) on the side
gate electrode V.. Bottom panel: Electrostatic potential profile, ¢(x = 0, y), trans-
verse to the channel (solid red line), with chemical potential ¢. (dashed red line),
and the distribution of electron density ny(y) along the y-direction (solid blue line).
¢ Transport measurements performed at various values of V, showing the three
characteristic transport regimes. Here, V . =0.9 V, V,c =20 mV, f,. = 1.408 MHz.
See main text for complete description.
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where [ = w — w, parameterizes the effective distance of the electron
sheet from the surrounding side gate electrodes, and h = 1.4 um is the
height of the electrons above the bottom channel electrode. The
effective width w, of the electron system is defined where the para-
bolic confinement potential of the channel is equal to the chemical
potential ¢, i.e. ¢(y = w./2) = ¢p., as shown in the bottom panel of
Fig. 1b, which we extract from FEM. For our specific device geometry,
which includes laterally defined side gate electrodes, an analytical
solution for the screening factor is lacking. However, we find that the
phenomenological form presented in Equation (2) captures to good
approximation the screening contributions in the long wavelength
limit (gyh, g, < 1), as well as in the limiting case, in which the screening
electrodes are moved infinitely far from the electrons in the channel
and the unscreened plasmon dispersion is recovered, i.e. F(gyx) = 1.
Using Eq. (1) and FEM calculations, we find a fundamental (n = 1)
plasmon mode frequency of w,/2m =~ 1.0 GHz at ny ~ 2.3 x 10 m™. This
lowest frequency mode corresponds to a half-wavelength standing
wave of the time-varying change in density éng along the channel, as
shown in the top panel of Fig. 1a. In the following section, we discuss
how these modes are generated using an additional microwave drive
and detected using transport techniques.

Transport measurements & microwave excitation

To characterize the electron system in the central microchannel and its
collective dynamics, we utilize a conventional ac transport measure-
ment scheme®. In these measurements, an ac voltage V,. is super-
imposed on the left reservoir electrode, driving electrons from one
reservoir to the other via the central channel at a frequency f,.. The
resulting electron transport through the channel is detected from the
voltage V; induced on the right reservoir electrode, which we measure
using standard phase-sensitive lock-in techniques. As described above,
a dc voltage V., applied to the channel electrode controls the popu-
lation of electrons in the central microchannel. In Fig. 1c we show a
standard transport map as we tune the electron density and confine-
ment potential in the central channel. This type of measurement
reveals three transport regimes depending on the density of electrons
in the central microchannel. In regime I, ¢(y = 0) < ¢, and electrons
cannot enter the channel from the reservoirs. When ¢(y = 0) = ¢,, the
channel threshold voltage V% condition is met, and electrons can
enter the microchannel for V>V, In this regime (regime lI), the
electrons form a highly conducting state in which the electrons
interact weakly with the helium surface, resulting in a large transport
signal®. At sufficiently high density, the electrons in the microchannel
form a low-conductivity Wigner solid (regime IlI)°*°. These measure-
ments also allow us to calculate the electron density in the central
microchannel ng from the potential in the center of the channel
¢° = ¢p(x =0, y = 0) and the chemical potential ¢, as

n,= €hefo (@° — D) 3)

where gy = 1.057 is the dielectric constant of liquid helium. Here, the
chemical potential is calculated using ¢, = l/fl;agh“ and the capacitive
coupling constant in the center of the microchannel,
ad, = a4 (x=0,y=0) ~ 0.7, is obtained through FEM calculations of
the device*.

To generate plasma oscillations in the electron sheet, we apply a
high-frequency signal onto the gate electrodes located on either side
of the microchannel as shown in Fig. 1a. The microwave power mod-
ulates the otherwise static confinement potential throughout the
microchannel, which leads to a periodic modulation of the effective
width w, of the electron system (see top panel Fig. 1b) and creates
charge density oscillations of the electrons in the central microchannel
due to the strong Coulomb interaction. The frequency and amplitude
of these oscillations are controlled by the gate modulation frequency
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Fig. 2 | Transport detected plasmon resonances. Microchannel transport mea-
surements in the presence of a w/2m = 5.5 GHz microwave excitation signal on the
gate electrode for increasing values of microwave power P. Traces are offset ver-
tically for clarity and color coded with the corresponding P. Vertical dashed lines
indicate the transition into a low-conductivity Wigner crystal electron state, which
increases with increasing P. At P 2 — 15 dBm, resonance-like features appear in
regime I, indicating plasmon modes generated along the length of the channel as
described in the main text. Measurements were performed at 7=18 mK, with Vg =0
V, Vac=6mV, f,e =3MHz, and Vo, = 0.4 V.

w/2m and microwave signal power P, which is measured from the
output of the high-frequency source. This microwave signal is atte-
nuated by an additional 28 dB before entering the cryostat.

Plasmon detection

In Fig. 2, we show how the GHz-frequency plasmonic modes of the
electrons in the central microchannel are imparted on the transport
signal by monitoring V; as a function of V., as we increase the power P
of a fixed w/2m = 5.5 GHz signal applied to the gate electrodes. In these
measurements, we observe the three characteristic transport regimes
described in the previous section, corresponding to (I) no electrons,
(Il) a low-density, highly conducting electron state, and (Ill) a high-
density, low-conductivity Wigner solid within the central channel. At
increasing microwave power, the electron density n, that corresponds
to the transition into the low-conductivity Wigner solid regime
increases®, as shown by the vertical dashed lines for each trace, and we
find that this type of effect occurs independently of the microwave
drive frequency.

More interestingly, with increasing microwave power, we observe
the emergence of resonance-like features in the transport signal when
the electrons in the microchannel are in the highly conducting state
(regime 11). Three resonances are clearly visible in the green trace in
Fig. 2 at V, = 0.58, 0.68, 0.96 V corresponding to densities of
ns = 5.7, 8.6, 16.9 x 10”m™ in the central channel. The resonances
appear as local minima in the transport signal indicative of a reduction
in the conductivity of the electron system in the central channel.

To understand these experimental features, we must consider
the non-linear transport phenomena arising from the coupling of the
electrons to the helium surface when the system is subjected to the
effects of the ac driving and microwave excitation fields, which drive
the electrons out of equilibrium® . We begin by noting that, at
T ~ 20 mK, in the absence of microwave excitation and at low ac
drive, the electron system would remain in the low-conductivity
regime (III) for all values of the electron density shown in Fig. 2. In
other words, the equilibrium state of the electrons in this case would
correspond to the low-conductivity Wigner solid (in this regime the
electron system is in equilibrium with the helium bath, thus for an
electron temperature T, =20 mK the critical density to form a Wigner
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solid (n¢" = 8 x 10° m™) is reached for (V, — V)>0.2 mV). In this
regime, the electrons coherently emit ripplons whose wavevectors
match the reciprocal lattice vectors of the electron crystal. This
phenomenon is known as the resonant Bragg-Cherenkov scattering
effect®. This effect results in an increased frictional force on the
electrons and a saturation of their velocity at the phase velocity of

the emitted ripplons vph = w(G1)/Gy, where w.(k) = /o, /p - k% is the
ripplon dispersion relation, g, = 358 uN/m is the liquid helium surface
tension, p = 145 kg/m® is the liquid helium density, and

G, = (8mn,/v/3)"" is the first reciprocal lattice vector of the Wigner
solid. When subjected to high driving fields, the electron system can
heat® and transition to a non-equilibrium state which has a high
conductivity (regime II). This state has been interpreted as the for-
mation of either a disordered electron liquid state’™ (melting
model) or as a depinning transition of the Wigner solid**>*** (sliding
model). In the sliding model, the transition to the Wigner solid state
is associated with the formation of static surface deformations
appearing under each electron, referred to as a dimple lattice, which
moves together with the electron lattice. When subjected to a suffi-
ciently strong drive, the electron solid can decouple from the
underlying dimple lattice and move at higher velocities. In contrast,
the melting model does not involve the concept of a dimple lattice;
instead, the transition to a high-conductivity regime is interpreted as
a transition to a disordered state. Despite the lack of an unambiguous
microscopic description of these nonlinear effects, the transition
into the high-conductivity regime (II) strongly depends on the posi-
tional order of the electrons in both models. Reducing this order
weakens the Bragg-Cherenkov scattering effects and lowers the cri-
tical ac driving field required to transition into the high-conductivity
state. For the experimental data presented in Fig. 2, transport mea-
surements were performed at ac driving fields sufficiently high
enough to promote the electrons into the non-equilibrium high-
conductivity state for densities n; < 18.8 x 10 m™,

The application of the additional microwave excitation field onto
the side gate electrodes further perturbs the electron system. In the
Wigner solid state, these perturbations induce high-frequency elec-
tron motion, which in a quasi-static approximation (w > w,) can be
viewed as a weakening of the positional order of the electron solid. As a
result, the transition into the low-conductivity Bragg-Cherenkov scat-
tering regime shifts to higher densities with increasing amplitude of
the perturbing field. This effect is analogous to raising the temperature
of the electron system T,, which characterizes the melting of the solid.
Due to the large electron-electron collision rate (10" s™) and small
energy relaxation rate (10° — 10°s™), the electron system temperature
can be raised above that of the helium bath®. In this way, the per-
turbing field effectively melts the Wigner solid, leading to a transition
into the high-conductivity regime. The ultimate electron temperature
produced by the microwave field is determined by a balancing of the
incident microwave and ac drive field powers with the energy trans-
ferred into the helium bath via the emission of short-wavelength rip-
plons and phonons**®'. Due to the complex geometry of the device,
which includes multiple regions with varying electron density, and the
lack of information about how much of the incident microwave power
is absorbed by the electron system, estimating T. is unfeasible.
Nonetheless, a qualitative approach can be employed to interpret the
decrease in the measured transport signal at the position of the reso-
nances shown in Fig. 2.

Independent of the underlying microscopic state of the electron
system in regime II, the microwave energy absorbed by the electrons
increases when plasmons are resonantly excited, which results in
additional heating of the electron system on resonance. Since the
resonances appear in the high-conductivity regime (II), an additional
increase in T, can be understood as producing an increase in the

electrons’ momentum transfer rate to ripplons, leading to a reduction
in the mobility of the electron liquid state*. This is consistent with the
observed decrease in the measured signal on resonance. We note that,
in principle, the reduction in the measured transport signal on reso-
nance could also be interpreted as a transition from a unpinned Wigner
solid into the Bragg-Cherenkov non-linear regime. However, our
experiments indicate that in the presence of microwave excitation, the
high-conductivity regime consistently remains in a linear transport
regime, indicative of an electron liquid state (see Supplemen-
tary Fig. 2).

These transport measurements, conducted with an additional
perturbing microwave field, reveal the high sensitivity of the measured
signal to the presence of plasmonic excitations in the electron system
confined within the microchannel. These experiments underscore the
complex nature of the non-equilibrium and nonlinear response of this
strongly correlated low-dimensional electron system coupled to the
helium surface excitations and enrich the extensive body of research
on these topics®***°¢*%*  Despite the absence of an unequivocal
microscopic picture of the electron conductivity in these regimes, we
can leverage the sensitivity of these measurements to investigate the
plasmonic excitations we generate in the central microchannel. Finally,
we note a similar technique has recently been employed to detect the
excitation of Rydberg-like resonances of electrons on helium due to
resonant microwave heating®.

Analysis of plasmon mode structure

In Fig. 3a we show the full channel density and microwave frequency
dependence of the transport signal through the device. In regime Il, we
observe a family of density-dependent resonances in the channel,
which are consistent with the long-wavelength two-dimensional long-
itudinal plasmons described by Equation (1) (see Supplementary
Information Section I and Supplementary Fig. 1). To analyze these
plasmon modes, we extract the local transport minima along each of
the first seven resonances (blue dots in Fig. 3b) and compare them to
the calculated values of w,, using Equation (1) and our device geometry
parameters (red dashed lines). In this calculation, the effective width
w, of the electron system and the corresponding central microchannel
electron density n; are calculated using FEM for each value of V. As
shown in Fig. 3b, we find good agreement between our data and the
two-dimensional screened plasmon model for the fundamental mode
and its first six harmonics. The results reveal plasmon modes in a
frequency range compatible with cQED systems, and that their fre-
quency can be electrostatically tuned over an extremely broad range
(=~ 2-3 GHz) by controlling the areal density of electrons. We note that
the most pronounced modes in Fig. 3a correspond to odd harmonics.
This effect can be understood as arising from a preferential coupling
between the microwave excitation field and plasmon modes that have
charge density nodes at the ends of the microchannel (see Supple-
mentary Fig. 3).

The data show the resonances appearing only in regime II, and
not in the low-conductivity Wigner solid (regime IlI). This is con-
sistent with a significant reduction of the charge density oscillation
frequency arising from the phononic modes of the crystal when they
are coupled to the elementary excitations of the helium surface
(ripplons). In the long wavelength limit, this coupling to ripplons
reduces the bare longitudinal plasmon frequency by a factor of
/m/m'®’, where m" = 100m, parameterizes the effective mass of
electrons on helium in the Wigner solid state®. Finally, we note that
the data in Fig. 3a show the transition to the low-conductivity Wigner
solid state is significantly non-uniform as a function of microwave
drive frequency. This non-resonant effect could be associated with
the absorption of microwave energy by other parts of the device,
e.g., the resist layer between the top and bottom electrodes or
variable microwave transmission due to impedance mismatches in
the drive line.
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Fig. 3 | Characterization and tuning of plasmon modes. a Microwave frequency-
dependent transport map. Transport measurements are performed by sweeping
Ven to control the electron density in the central channel while simultaneously
applying a microwave signal w/2m to the gate electrodes. For V,, < 0.29V, the
channel is empty (I). The above VE:, electrons can enter the microchannel and form
a low-density, high-conductivity state (II) and a high-density low low-conductivity
Wigner solid (Ill). The transport signal V; reveals a family of density and frequency-
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dependent plasmon resonances that manifest as local minima in regime Il. Mea-
surements were performed at P=-15 dBm, with Vg =0V, Voe =8 mV, f,c =3 MHz,
Vies = 0.29 V,and T = 26 mK. b Blue dots are the extracted local minima from the
first seven resonances in a. Red dashed lines correspond to the first seven long-
itudinal plasmon modes along the channel, calculated using the dispersion relation
given in Equation (1) with our device design parameters. The grey shaded region
indicates the empty channel (I), and the grey dashed line indicates VE‘;, =0.29 V.

Power dependence

The measurements presented in Fig. 4a show how increasing micro-
wave power modifies the transport characteristics and plasmon
response at a fixed microwave excitation frequency of 5.5 GHz. Here,
the transition between the high-conductivity (regime II) and Wigner
solid (regime IlI) states shifts to higher electron density as the micro-
wave power increases, indicating a weakening of the positional order
of the Wigner solid, as discussed earlier. Additionally, as the channel
density is varied, the 5.5 GHz microwave drive generates then=7, 5,
and 3 plasmon modes (from left to right, respectively), which manifest
and broaden with increasing power. As it is the most prominent, we will
focus on the n =3 mode centered at V,, ~ 0.96 V for the remainder of
the analysis in this section. In Fig. 4b, we show line cuts of the data at
low and high microwave power. At low power (P = -14 dBm), we find
the data is well described by a Lorentzian of width 2y while at high
power (P =—-4 dBm) the resonance is captured by a Gaussian having a
linewidth of 20 (see Fig. 4b and Supplementary Fig. 4). In general, the
spectral linewidth and its power dependence contain information
about intrinsic and inhomogeneous sources of plasmon broadening. In
what follows, we discuss possible sources of broadening, including
static and dynamic density inhomogeneity of the charge carriers in and
around the channel, as well as plasmon energy loss.

To begin, the application of the microwave field can lead to a non-
equilibrium redistribution of charge carriers inside the channel and
could be responsible for the plasmon broadening we observe with
increasing microwave power. In fact, previous experiments with elec-
trons on helium have demonstrated a transient redistribution of
electrons arising from resonant photovoltaic effects®*. We also note
that the long and narrow aspect ratio of the central channel creates an
electron density profile that varies transverse to the length of the
channel as shown in Fig. 1b, where we plot the density along the
y-direction determined from FEM. If we ascribe the broadening of the
low power plasmon spectrum exclusively to static inhomogeneity in

the electron density, the observed linewidth of the resonance feature
corresponds to a density variation of 1.8 x 10 m™2 This is significantly
smaller than the full density variation transverse to the channel, indi-
cating that a static density inhomogeneity is likely not the dominant
mechanism contributing to the plasmon broadening at low powers.
However, it is possible that non-uniform heating of the electron system
by the microwave excitation could enhance static density inhomo-
geneities in the channel and contribute to the plasmon broadening we
observe with increasing power.

Additionally, collective excitations such as plasmons are naturally
sensitive to the boundary conditions imposed by their environment.
The boundary conditions for longitudinal plasmons excited along the
channel are determined by the difference in density and conductivity
between the electrons in the central channel and those in the reservoir
regions of the device. At the ends of the central channel, the electron
density varies smoothly over a distance of approximately 6L =10 um,
leading to an uncertainty in the plasmon wavelength. Using Equation
(1) the corresponding uncertainty in the plasmon frequency would be
approximately 400 MHz, which is the same order of magnitude as the
plasmon linewidth we observe at low microwave power. Furthermore,
as the microwave drive power is increased, additional broadening
could result from a dynamical redistribution of charge carriers in the
vicinity of this boundary. Another possible broadening mechanism is
the finite transparency at the boundary on either end of the micro-
channel. In this scenario, plasmon damping results from a leakage of
the charge density wave from the central channel to the electron sys-
tem in the reservoirs and subsequent thermalization®. In addition, it
has been proposed that plasmon damping can arise from the differ-
ence in the conductivity between the channel and reservoir electron
systems®®.

Lastly, it is also important to consider the intrinsic energy losses of
the plasmon modes. In this system, energy loss can arise from the
screening currents in the lossy resistive metallic gate electrodes, as
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measurements at fixed excitation frequency w/2m = 5.5 GHz. With increasing power,
the resonant plasmon modes broaden significantly. Measurements were performed
atVoe=6mV, foc =3MHz, Vg =0V, V,, = 0.4V, and T =18 mK. b Linecuts of the
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n =3 plasmon mode, corresponding to the horizontal dashed lines in (a).
Depending on the applied microwave power, the plasmon resonances are fit to
either a Lorentzian or Gaussian, superimposed on a smoothly varying background
function (see Supplementary Information Section V).

well as from interactions with the helium surface vibrational modes
(ripplons) and phonons in the liquid, which are the dominant energy
and momentum relaxation mechanisms at the relevant experimental
temperatures (T < 0.8 K)**°'. In the absence of inhomogeneous effects,
these losses should dominate the plasmon linewidth. If we assume that
the low power (P = -14 dBm) broadening arises predominantly from
intrinsic losses, we estimate a lower bound for the plasmon life-
time 7, -1 ns.

In summary, we have demonstrated a microchannel device
architecture that enables us to precisely engineer spatially-confined
microwave frequency plasmonic modes in electrons on helium. The
generation of these plasmons resonantly drives the electron system
out of equilibrium, which we detect via low-frequency ac transport
measurements of the device conductivity. Precise control over the
electrostatic environment of the microchannel-confined electrons
enables a tunability of the plasmon modes over a frequency range of
~3 GHz, and we find good agreement between the observed plasmonic
mode structure and the two-dimensional screened plasmon dispersion
relation. Power-dependent measurements allow us to explore the
interplay between the microwave drive and the non-equilibrium plas-
mon response in the device and could open the door to investigate
plasmon dynamics in the hydrodynamic regime®’.

The high degree of spatial control and broad microwave fre-
quency tunability provided by this type of microchannel device offers
a compelling framework for integrating charged collective oscillations
of electrons on helium with circuit quantum electrodynamic systems.
Devices utilizing an improved and optimized microwave environment
will ultimately be needed for future cQED experiments with ensembles
of electrons on helium. Placing many-electron on helium systems into
high-quality factor microwave cavities opens entirely new avenues for
exploring cavity optoplasmonics with collective modes in both the
Coulomb liquid and solid phases. Similarly, integration with charge-
sensitive superconducting qubits®® would enable fast readout of indi-
vidual and collective electron dynamics and could be used to reveal
the microscopic breakdown in the coupling of the electrons to the
quantum field of helium surface waves*"*’. Alternatively, hybrid sys-
tems composed of electrons on helium coupled to superconducting
qubits could be used as a model system for understanding qubit
decoherence produced by charged fluctuators’®”" in a systematic and
tunable fashion.

Methods

Microchannel device fabrication

The microchannel device was fabricated on high-resistivity silicon,
using a combination of both photolithography and electron beam

lithography. The first layer of bottom electrodes was fabricated using
an image reversal resist, AZ5214E, which was spun on and pre-baked
(90° C for 30 min), followed by a short UV-light exposure (3 s) to define
the electrode pattern. The chip is then post-baked (30 min at 95° C),
followed by a flood exposure (24 s), and developed for 45 s in
AZ300MIF, and finally rinsed for 15 s in deionized (DI) water. A com-
bination of 3 nm of Ti followed by 40 nm of Au is then deposited via
thermal evaporation, followed by lift-off. The central channel elec-
trode is patterned via electron beam lithography using PMMA-C2 resist
and 4 nm-50 nm Ti-Au bilayer deposition. Next, we form the dielectric
layer with S1813 photoresist, hard-baked at 200° C. The final helium
channel depth is defined by the thickness of this dielectric layer. The
1.4 um deep channels are realized by spin coating the resist three times
at 4000 RPM for 60 s. The top layer guard and gate electrodes are then
patterned similarly to the bottom electrodes. Finally, to remove all
excess resist from the channels, the sample is oxygen plasma etched.

Microchannel device assembly and packaging

The microchannel device is wire-bonded onto a custom-made printed
circuit board (PCB) that is placed into a superfluid-leak-tight copper
sample box that mounts to the mixing chamber plate of a cryogen-free
dilution refrigerator. A stainless steel capillary line is hard soldered
into the sample box, which extends to a room temperature volume
containing helium gas for filling the microchannels with liquid. The
sample box contains a tungsten filament for thermionic electron
emission, which is achieved by applying a -2 V amplitude, 300 ms
duration, square pulse to the filament.

Transport measurements

The transport measurements discussed here are performed as follows.
The left and right reservoir electrodes are both biased with the same
positive DC voltage (V) while an ac drive voltage (V,¢) in the1MHz -3
MHz frequency range (f,.) is simultaneously applied to the left side
reservoir electrode to drive electrons through the central channel. The
electron transport is characterized by sweeping the channel electrode
voltage V., while simultaneously measuring the transport signal (V;)
induced on the right side reservoir via phase-sensitive lock-in techniques.

Data availability
The transport data used in this study are available at https://zenodo.
org/records/15185690.

Code availability
The analysis code that support the findings of this study is available at
https://zenodo.org/records/15185690.
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