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The quantized lateral motional states and the spin states of electrons trapped on the surface of superfluid
helium have been proposed as basic building blocks of a scalable quantum computer. Circuit quantum
electrodynamics allows strong dipole coupling between electrons and a high-Q superconducting microwave
resonator, enabling such sensitive detection and manipulation of electron degrees of freedom. Here, we
present the first realization of a hybrid circuit in which a large number of electrons are trapped on the surface of
superfluid helium inside a coplanar waveguide resonator. The high finesse of the resonator allows us to
observe large dispersive shifts that are many times the linewidth and make fast and sensitive measurements on
the collective vibrational modes of the electron ensemble, as well as the superfluid helium film underneath.
Furthermore, a large ensemble coupling is observed in the dispersive regime during experiment, and it
shows excellent agreement with our numeric model. The coupling strength of the ensemble to the cavity is
found to be ~#1 MHz per electron, indicating the feasibility of achieving single electron strong coupling.
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I. INTRODUCTION

Electrons on helium are a promising resource for
quantum optics and quantum computing [1-4]. They form
an extremely clean two-dimensional electron gas [5], as
evidenced by a mobility exceeding 10’ cm?/V s [6,7], and
the electron spin coherence time is predicted to exceed
10° s [1]. Electrons on helium have been used to study
Wigner crystallization and quantum melting [8—10]. Recent
experiments employ them as a powerful probe to study the
topological domain structures on the surface of superfluid
helium 3 [11-13]. In addition, it is now possible to build
mesoscopic structures such as quantum dots with one or a
few electrons on helium, and single electron scale charge
coupled devices [14—17]. However, performing quantum
experiments in this fascinating system has lagged behind
that in semiconducting 2D electron gases, such as GaAs, as
traditional measurement techniques cannot be applied to
electrons on helium. In particular, it is not possible to make
direct Ohmic contact to the electron gas. Additionally, the
largely unscreened electron-electron Coulomb force and a
hydrostatic instability of the system [18,19] suppress the
exchange interactions typically used in semiconductor spin
qubits [20].

“David.Schuster@uchicago.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOIL.

2160-3308/16/6(1)/011031(7)

011031-1

Subject Areas: Atomic and Molecular Physics,

Quantum Information,
Semiconductor Physics

The circuit QED architecture [21,22] offers a path to new
experiments in the quantum regime as well as improving the
sensitivity and bandwidth of existing measurements. In this
hybrid approach, electrons are trapped above an on-chip
superconducting microwave resonator. The presence of the
electrons changes the effective capacitance of the cavity,
resulting in a dispersive shift of the cavity resonance
frequency. In the strong dispersive regime, the cavity
frequency shift is larger than the cavity linewidth, and every
photon measures the state of the electrons. Because the
energy of a single photon in the cavity is higher than the
thermal bath (A w > k;, T), it is possible to conduct quantum
optics experiments at the single-photon level. This dispersive
measurement is conceptually similar to the Sommer-Tanner
technique [23], but the use of resonant superconducting
circuits at microwave frequencies enables better impedance
matching, resulting in faster and more sensitive measure-
ments of small ensembles. Finally, the hybrid architecture
allows one to leverage the substantial progress in super-
conducting circuits over the past decade [24,25].

While in this work we study the motional coupling of the
electrons, they also carry a spin degree of freedom.
Ensembles of electrons on helium could also be used as
a quantum memory, similar to previous work on solid-state
spin ensembles [26-29]. Uniquely, electrons on helium
represent a mobile coherent spin system and can be
dynamically arranged with gate electrodes. Finally, by
engineering an artificial spin-orbit coupling it should be
possible to achieve single-spin strong coupling [4,30-32].
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In this paper, we report the first implementation of a
circuit QED architecture with electrons on helium. We show
lithographic control and subnanometer measurement of the
superfluid helium film thickness. Our experiment shows a
strong dispersive shift due to the electrons that is many times
the cavity linewidth. On average, the coupling per electron in
the ensemble is about 1 MHz, suggesting single electron
strong coupling should be within reach. Electrons can be
held for many hours, and their normal mode frequencies and
number can be controlled by adjusting the trapping potential.
The resulting evolution of the dispersive shift agrees
excellently with our numerical model.

II. EXPERIMENTAL SETUP AND
DETECTION TECHNIQUE

The electron on helium circuit QED setup consists of an
integrated electron trap and coplanar waveguide resonator
[see Fig. 1(a)]. The ground planes of the resonator are
thicker than the center pin, forming a microcapillary
channel that determines and stabilizes the superfluid helium
film thickness [33,34]. The electrons are held in the
resonator volume by a dc bias voltage applied to the center
pin as shown in Fig. 1(c).

The electrons are confined in both the transverse and
longitudinal directions of the channel. In the transverse
direction, a dc voltage applied to the center pin creates a
parabolic trapping potential [Fig. 1(c)] that confines the
electron ensemble in the channel, colocated with the micro-
wave field. In addition to the large electron trap formed by
the resonator center pin, the devices also contain smaller
um-size electron traps positioned near the voltage maxima of
the fundamental mode for future single-electron experiments
[Fig. 1(d)]. Those smaller traps are set to ground potential
throughout the experiments discussed in the rest of this
paper. The input and output of the resonator [Fig. 1(b)] side
of the coupler are held at 0 V to prevent electrons from
leaking out the sides. Along the cavity dc bias lead, where
the potential may be positive, constrictions shield the
electrons, ensuring that there is a potential barrier for escape.

The bare cavity resonance frequency is @y/27=
4.789 GHz, loaded quality factor Q; == 17750, and corre-
sponding decay rate x/2z = 270 kHz in the absence of any
superfluid or electrons. The Q of the sample is set by the
couplers, not by the internal Q of the resonator, despite the
fact that the dc bias lead directly connects the center pin to a
low impedance. This is possible because the connection is
made at a voltage node, where radiation is minimized [30,35].

III. HELIUM DYNAMICS

An important prerequisite for trapping electrons on
helium in a microchannel geometry is to establish a self-
stabilized film of superfluid helium of known thickness,
which can be achieved by capillary action filling of the
channels from the low-lying bulk reservoir. The helium
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FIG. 1. Device, circuit schematic, and trap geometry. (a) Optical
and SEM images of a cavity-electron ensemble trap on a (2 x 7)-
mm superconducting chip. The device is positioned 5.5 mm
above the bottom of a cylindrical superfluid reservoir of radius
r = 3.175 mm, mounted in a hermetically sealed copper box at
25 mK in a dilution refrigerator. (b) Interdigitated gap capacitors
with gap width 2 ym at the cavity input. (c) dc bias electrode
connected directly to the center pin of the cavity at a node of the
standing-wave voltage distribution of the fundamental mode.
(d) Sub-um-size electron trap near voltage maximum of the
fundamental mode with constriction of width 500 nm. (e) Circuit
schematic showing the voltage distribution of the fundamental
mode (red) and the simplified measurement and control circuit
connected to the center pin (pink). The cavity is measured in
transmission using a low-noise amplifier (LNA) and the trap
potential is tuned through a dc source connected to the center pin
(pink) through a low-pass filter. (f) Cross-sectional view of the
cavity waveguide gap showing the schematic trap geometry. The
ground planes (gray) form a microchannel of height d = 800 nm
and width wg = 6 um filled with superfluid “He by capillary
action. A dc voltage on the submerged center pin (pink) of width
Wwep = 2 pm and thickness 7 = 80 nm creates a parabolic trapping
potential for electrons above the surface that couple to the rf field
in the cavity.

raises the effective dielectric constant of the waveguide,
lowering the resonator frequency proportionally to the
thickness A.

To measure the cavity response to superfluid helium, we
monitor the resonance frequency and quality factor in
transmission while increasing the bulk helium reservoir
level in small increments (the center pin is held at ground
potential throughout this measurement). The results of such
a helium filling experiment are presented in Fig. 2(a).
Four different regimes can be clearly distinguished in the
frequency shift [see Fig. 2(b)]. For small amounts of
superfluid (regime I), an unsaturated van der Waals film
of thickness 4 ~ 30 nm forms as the liquid evenly coats the
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FIG. 2. Cavity response to superfluid helium. (a) Measured
resonance frequency shifts Awg/2z (blue dots, left axis) and
loaded quality factor Q; (green triangles, right axis) as functions
of superfluid volume supplied to the cell (bottom axis) and
relative bulk helium level H in the reservoir (top axis). Each data
point corresponds to an increase in superfluid volume of AV ~
2.3 mm® and reservoir level AH ~ 70 um. (b) Different filling
state corresponding to the different regimes in (a). (c) Frequency
shift (blue dots, left axis) and quality factor (green triangles, right
axis) as functions of center pin voltage bias V., at fixed helium
level in the capillary action regime indicated by arrow in (a). Gray
dots are frequency shifts extracted from single-shot cavity
transmission measurements with N = 80 such measurements
per voltage bias point V. The blue data points are averages
over the single-shot measurements at each point.

surface of the resonator and the interior of the sample
cell, leading to small frequency shifts of Awg(h)/27=
—190 kHz. Once the van der Waals film has saturated, the
liquid film shape is determined by capillary action with a
semicircular profile z(x) ~x?/2R.(H) in the gap. The
capillary radius R.(H) = o/pgH is determined by the
distance between the bulk helium level in the reservoir

and the chip surface H, where 6 = 0.378 x 1073 N/m is
the surface tension of liquid helium in vacuum, p =
0.154 x 1073 kg/cm® the mass density, and ¢ is the
gravitational acceleration. When the radius of curvature
becomes on the order of the gap width R, ~ wg, the gap
starts to fill up by capillary action and is filled completely
for R. > wg (regime II). Small increases in shift in the
subsequent “flat" regime are due to decrease in the
curvature of the helium profile. Finite element simulations
show that when the channel is filled (4 = 800 nm) the
frequency shift is —8 MHz, in good agreement with the
observed data. As H — 0, the radius of curvature becomes
on the order of the chip dimensions and eventually starts to
diverge. We attribute the abrupt jump at 170 mm? to the
formation of a thick film that spans the entire chip (regime
III) and is supported by the sample holder. As R, — oo, the
superfluid film becomes sensitive to mechanical vibrations
and small fluctuations in the reservoir level, which man-
ifests itself in a perceived drop in quality factor in this
regime. Once the reservoir has been completely filled, the
helium fills the region above the chip linearly (regime IV)
until the resonator becomes insensitive at thickness
h ~ 6 um, corresponding to a frequency shift of Awy(h)/
27 = —14.145 MHz, again in good agreement with
numerical simulations that predict a final frequency shift
of —14.1 MHz. All subsequent experiments are done at the
filling level indicated by the black arrow in Fig. 2(a), which
corresponds to /= 647 nm, where the frequency shift is
Awgy(h)/2x = —7.4 MHz, and is only slightly changed by
additional fluid introduced to the reservoir.

The superfluid level in the resonator gap can be
modulated in situ by sweeping the voltage of the center
pin V. To lowest order, the equilibrium film thickness at
the center of the gap is determined by the electromechanical
force on the film surface and surface tension with a
quadratic voltage dependence h(V,)~h(0)+(V2,/160)
(ene — &) Figure 2(c) shows measured frequency shift and
quality factor as functions of center pin voltage at a
reservoir level of H = 4 mm, where the gap is partly filled
by capillary action. The resonance frequency shows a
parabolic voltage dependence while the quality factor
remains constant, as expected. The maximum observed
shift at V., = +6 V of Awy/27 = —100 kHz corresponds
to a change in film thickness of Ai = 13 nm at the center
of the gap. The slight offset of the otherwise symmetric
response is not well understood, and it is device dependent.
The frequency sensitivity to level changes in the gap can be
estimated from finite element electromagnetic simulations
to be ~8 kHz/nm, consistent with the overall slope and
frequency shift. The stability of the capillary action film is
estimated from consecutive single-shot transmission mea-
surements [gray data points in Fig. 2(c)], with N = 80
frequency measurements per voltage bias point. Slow
fluctuations of the helium level are manifested in the
5a)gms)/ 27 = 16 kHz scatter of resonance frequencies
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[gray points in Fig. 2(c)] corresponding to helium level
fluctuations of §4™%) ~ 2.6 nm. The demonstrated electro-
static control over the helium level can be used to
dynamically reduce the fluctuations.

In summary, the microwave measurement provides a
high bandwidth way to measure the helium level and its
fluctuations, down to pm/ v/Hz-level sensitivity. Using this
technique, we establish a lithographically defined, stabi-
lized superfluid helium film within the cavity trap. In the
regime of the experiment, the channel helium level is
insensitive to the small differences in the amount of helium
put into the sample box. The measured helium level
fluctuations are relatively small and will be monitored to
see if they have a significant effect on the electron
coherence time through changes in the trapping potential.

IV. DISPERSIVE MEASUREMENTS OF
ELECTRONS IN A CAVITY

Following uncharged superfluid measurements, we pro-
ceed to load electrons into the cavity mode volume and
detect the trapped electron ensemble in transmission
measurements. Electrons are generated via pulsed therm-
ionic emission from a tungsten filament mounted in
vacuum above the device and attracted towards the super-
fluid surface in the resonator channel by a positive trap
voltage V,. After waiting for the sample to cool, the cavity
transmission is monitored while tuning the center pin
voltage V., (Fig. 3) starting from +3 V. The dispersive
interaction of the cavity with the trapped ensemble leads to
a voltage-dependent shift of the cavity resonance towards
lower frequencies before reverting back at negative trap
potentials. We observe maximum resonance shifts of up
to Aw > 10k cavity linewidths in frequency while Q
is somewhat reduced [Fig. 3(b)]. The electron-induced
frequency shift reaches a maximum of Awp, /27 =
—247 MHz at V¥ = 40.91 V with a drop in quality
factor and a corresponding increase in cavity decay rate of
Akpax /27 = 122 kHz [blue curves in Figs. 3(c) and 3(d)].
These changes in the cavity resonance frequency are at least
an order of magnitude larger than those caused by the
electric-field-induced helium film thickness change without
electrons. Below the threshold Vg)m, the electron-induced
shifts decrease gradually as electrons are lost from the
trapping region. To ensure that the observed cavity response
is due to the trapped electron ensemble, we perform a control
experiment where the filament is fired while the center pin is
biased at —1 V. The voltage is then swept in the reverse
direction [red curves in Figs. 3(c) and 3(d)]. The voltage-
dependent signal is completely absent [see Fig. 2(b) and
discussion above]. The ensemble-induced cavity response
has been reproduced in independent experiments using five
different devices. The maximum observed resonance shifts
are repeatable and generally vary between 2 and § MHz
based on loading conditions.
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FIG. 3. Detection of a trapped electron ensemble on superfluid
helium in a cavity transmission experiment. (a) Normalized
transmitted power through the cavity as a function of center
pin trap voltage V,. (b) Normalized transmission spectra at
Vep =+091 and +2.8 V, showing a shift in resonance fre-
quency and a reduction in transmitted power at the bias points
indicated by the dashed vertical lines in (a). Solid red lines are fits
to Lorentzians. (c) Resonance frequency and (d) loaded quality
factor as functions of trap bias in the presence (blue) and absence
(red) of an electron ensemble. In panels (a)—(d), electrons are first
loaded into the cavity mode volume at an initial bias of V., =
+3 V and a fixed helium level in the capillary regime with an
uncharged shift of Aw,/2z = —7.58 MHz and a reservoir level
of H =4 mm. The blue line shows the trap voltage being swept
from +3 to —1 V and back in 4 mV steps, eventually depleting
the trap region, while the red line shows the same sweep for an
empty trap.

To further investigate the quantitative form of the cavity
shift as a response to the number of electrons N and the
bias voltage V,, we design a protocol to partially drain
the electrons from the trap. In the following experiment, at
the end of the first sweep from 43 V (bottom half of
blue curve in Fig. 4), we deliberately sweep down below
the chl to introduce electron loss. Now, with fewer
electrons in the trap (top half of blue curve in Fig. 4), the
cavity resonance shift is smaller in magnitude than before,
but nonhysteretic unless another electron-loss event is
triggered. For subsequent sweeps, we then set succes-
sively lower stop voltages. The final sweep (orange curve
in Fig. 4) depletes the mode volume of all electrons as
evidenced by the vanishing frequency shift on the final
upward sweep. By carefully tuning the stop voltages and
number of sweeps we can controllably reduce the number
of electrons as desired.

A quantitative understanding of the electron-cavity
interaction requires modeling of the classical many-body
interactions between electrons as well as the coupling of
the resulting electron normal modes with the cavity. We
develop a nonperturbative numerical model that determines
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FIG. 4. Measured cavity frequency shifts as a function of trap
voltage bias V. Colors indicate consecutive cycles of the voltage
sweep. In each cycle V, is decreased (arrows) until electrons are
irreversibly lost from the trap and then increased to the initial
value of 3.0 V. Gray dashed lines in the background show
frequency shifts predicted by molecular dynamics simulation. For
each of the four isoelectron number curves the number of
electrons in the simulation is depicted to the left. A red dotted
line indicates modeled electron loss with respect to a leak voltage
of (530) mV. The isoelectron number curves from the experiment
terminate within a small neighborhood of this loss frontier.

the electron ensemble configuration, frequencies, and
coupling to the cavity. First, simulated annealing is
employed to find the minimal energy configuration of
the electrons. The electrostatic potential used in this step is
constructed using field profile data derived from the sample
geometry. After obtaining the electron configurations, we
solve the equations of motion of the cavity-electron
coupled system in a nonperturbative way to obtain the
cavity frequency shift. For a given number of electrons in
the trap, this calculation is repeated for various V, to
produce the corresponding frequency shift curve. Curves
for various numbers of electrons are computed, and no
fitting parameters are used in the model besides picking the
closest isoelectron number curve. Figure 4 shows excellent
agreement between the data and our computational model.
The model is described in detail in the Supplemental
Material [36].

Using the measured signal and our model, we can infer the
electron mode frequency and coupling strength g,,,;. The
frequency of the strongest coupled mode grows proportion-
ally to ,/V, and is roughly 25 GHz at V, = 0.5 V, which
shows we are well within the dispersive regime. In this
regime, the cavity frequency shift is related to the rms single-
electron coupling by Aw = Ng2/(®, — wy), where o, is
the electron motional frequency, @, is the cavity frequency,
and N is the number of electrons. We determine both @, and
N by comparing the data from Fig. 4 to simulation results
(see Supplemental Material [36]) and find g,/27 =
0.8 MHz for a 1-um-wide electron configuration. In future
trap designs, additional guard electrodes can improve trap

stability at low voltage allowing access to the resonant
regime. The coupling, though quite large already, can be
enhanced further by shrinking the dimensions of the trap.

There are two types of electron loss observed. The first,
which determines the number of electrons loaded, occurs
at higher V., due to hydrodynamic instability [33].
The density immediately after loading at V., =3 V is
n~2 x 10° cm™2. The second type of electron loss occurs
when the trap depth becomes sufficiently shallow, such that
electrons can leak out of the trap. We model this phenom-
enologically by assuming that electrons are lost if the
potential difference between the ground plane and electrons
is less than Ve, . Using V., as a single-fit parameter in the
molecular dynamics simulation, we find best agreement
between simulation and experiment when V. = 530 mV.
The residual population for small electron numbers at small
V¢, (orange curve in Fig. 4) is not well understood.

In summary, we demonstrate the successful trapping and
detection of an electron ensemble above the surface of
superfluid helium in the circuit QED architecture. The
measurement technique we introduce here could extend
traditional electrons on helium experiments to smaller
ensembles and enable observation of the electron dynam-
ics. The observation of the large dispersive shift and the
good agreement with our numerical simulations indicate
that it should be possible to perform cavity QED experi-
ments in a single electron quantum dot. Though small, the
fluctuations in the helium film thickness are an important
source of decoherence for the electron motional states, and
merit further study. Finally, the sensitivity of the device to
helium thickness changes can be exploited for novel cavity
optomechanics experiments with superfluid ripplons.
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