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Proposal for Manipulating and Detecting Spin and Orbital States of Trapped Electrons
on Helium Using Cavity Quantum Electrodynamics
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We propose a hybrid architecture in which an on-chip high finesse superconducting cavity is coupled to
the lateral motion and spin state of a single electron trapped on the surface of superfluid helium. We
estimate the motional coherence times to exceed 15 us, while energy will be coherently exchanged with
the cavity photons in less than 10 ns for charge states and faster than 1 us for spin states, making the
system attractive for quantum information processing and strong coupling cavity quantum electro-
dynamics experiments. The cavity is used for nondestructive readout and as a quantum bus mediating
interactions between distant electrons or an electron and a superconducting qubit.
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The field of experimental quantum information process-
ing has made significant progress in recent years. Many
different physical implementations are being actively ex-
plored, including trapped ions [1,2], semiconductor quan-
tum dots [3,4], and superconducting qubits [5,6]. In
particular, the strong coupling to microwave photons pos-
sible in circuit quantum electrodynamics (QED) architec-
tures [7] has sparked interest in creating hybrid quantum
systems capable of combining the advantages of different
qubit implementations. In these proposals, a superconduct-
ing transmission line cavity acts as an interface between
superconducting circuits and microscopic quantum sys-
tems, such as polar molecules [8,9], electron spins
[10,11], or ultracold atoms [12], typically with smaller
couplings but much better coherence than superconducting
qubits. Single electrons trapped above the surface of su-
perfluid helium [13] might play a unique role as they can
independently form a strongly coupled cavity QED system
or act in concert with superconducting qubits.

Interest in electrons on helium is motivated in part by
their exceptional properties, including the highest mea-
sured electron mobility [14] and long predicted spin co-
herence times [15]. For these reasons the system was used
in one of the first quantum information processing pro-
posals [16]. The initial proposal focused on the motional
states of a single trapped electron normal to the helium
surface [17], which promise long coherence times but have
transition frequencies in the inconvenient range of
100 GHz. Further, the electrons were to be detected de-
structively. More recently it has been proposed to use
electron spins [15], and the possibility of moving electrons
at MHz rates was demonstrated [18], but it was not clear
how to best read out or couple such spin states.

Here, we address these challenges using the circuit QED
architecture [7], and show that both the electron’s motion
and spin can be used to reach the strong coupling limit of
cavity QED, where the coupling between the electron and
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cavity is larger than their decoherence rates, allowing for a
wide variety of quantum optics and quantum information
experiments. The quantized in-plane motion, parallel to the
helium surface, can be engineered to have transition fre-
quencies of a few GHz and is readily coupled to an on-chip
cavity for nondestructive readout analogous to that used for
superconducting qubits [7] or electron cyclotron motion in
g-2 experiments [19]. The cavity also mediates interactions
between individually trapped electrons allowing for multi-
qubit gates similar to those demonstrated in superconduct-
ing systems [6]. In addition, the spin-photon coupling
would be significantly enhanced by a controllable spin-
orbit coupling.

The trapped electrons can be considered as quantum
dots on helium operating in the single electron regime.
These dots would be sufficiently small (submicron) that the
lateral spatial confinement and potential depth will deter-
mine the orbital properties. A Jaynes-Cummings coupling
between in-plane states and out-of-plane states in such dots
was proposed recently [20]. The feasibility of creating such
nanoscale traps is buoyed by a recent experiment which
has detected single electron tunneling events [21].
However, so far there have been no observations of either
intradot quantization or spin resonance on helium.

It is instructive to compare electrons on helium with
semiconductor quantum dots. In most traditional two-
dimensional electron gases such as in GaAs, the electrons
form a degenerate gas with small effective masses, renor-
malized g-factors, and strong interactions with the lattice.
In particular the strong piezoelectric coupling leads to
short coherence times for the motional states (~100 ps)
[22]. For this reason spin is typically used [3,4], but its
coherence time can be strongly affected by nuclear spins
[23]. In contrast, electrons on helium form a two-
dimensional electron gas at the interface between vacuum
and superfluid, retaining their bare mass and g factor. With
the techniques described here, single electron quantum
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dots on helium promise some advantages over traditional
semiconducting dots. We predict the decay of the orbital
states to be 10° times slower than in GaAs. Further, super-
fluid “He has no nuclear spins (10~° natural abundance of
3He), leading to long predicted spin coherence times [15],
which are primarily limited by current noise in the trap
leads. Perhaps most importantly, electrons on helium is a
fascinating system where coherent single particle motion
has not been accessible until now.

An electron near the surface of liquid helium experien-
ces a potential due to the induced image charge of the form
V =—A/z, with A = e*(e — 1)/4(e + 1) and € = 1.057.
Together with the 1 eV barrier for penetration into the
liquid, the image potential results in a hydrogenlike spec-
trum E, = —R/ n? of motion normal to the surface, with
effective Rydberg energy R ~ 8 K and Bohr radius 8 nm
[13]. At the working temperature of 50 mK the electron
will be frozen into the ground out-of-plane state, and the
helium will be a superfluid with negligible vapor pressure.

With the vertical motion eliminated, the electron’s lat-
eral motion within an electrostatic trap could be coupled to
the electric field of a superconducting transmission line
cavity. As shown in Fig. 2, the cavity center pin and ground
plane form a split-guard ring around a positively biased
trap electrode. We approximate the trapping potential in
each of the lateral dimensions as being nearly parabolic,
with level spacing = hw, ,. We assume a single electron in
a high-aspect ratio trap so that the x and y motional
frequencies are distinct, with @, < w,. The Hamiltonian
of the electron near the potential minimum can be approxi-
mated as
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Here, a, = (h/m,w,)'/? is the standard deviation of the
motional ground state wave function and « is the anhar-
monicity. Because the trap is small and the potential must
flatten at the outer electrodes, a < 0. The n to n + 1
transition frequency is w,, = w,o + (n + 1)a. The elec-
tron motion can be treated as a qubit when |/ is larger than
the decoherence rates. The scaling of the system parame-
ters with geometry (see Fig. 2) can be estimated analyti-
cally by approximating the trap potential as
V,cos(27rx/W). In this case o, = 27(eV,/m,W?)'/2, a =
(27/W)2h/8m,, and V, = V,e~2™/W Therefore one can
tune the motional frequency by adjusting the bias voltage,
determine the anharmonicity by the trap size (confinement
effects), and trade off sensitivity in bias voltage for sensi-
tivity to trap height (generally d ~ W so as to avoid ex-
ponential sensitivity to film thickness).

The microwave environment and the trapping potential
are simulated using SONNET® and MAXWELL®, respec-
tively, and then Schrddinger’s equation is numerically
solved to find the resulting wave functions for the geometry
shown in Figs. 1 and 2. Using physically reasonable trap-
ping parameters—helium depth d = 500 nm, trap size
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Vmode
\ amp
o v Caviy >
$500 nm |5um
X

@ 500 nm
Gnd

FIG. 1 (color). Top view of electrostatic electron trap. The
ground plane and cavity center pin are shown in blue, while
the trap electrode is magenta. The configuration of center pin and
ground plane provide two-dimensional confinement. A dc volt-
age, V, is provided via a wire insulated from the resonator.
Manipulation and readout is performed via a radio frequency
voltage applied to the input port of the resonator with the modi-
fied signal measured by a cryogenic amplifier at the output port.
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W =500 nm, trapping voltage V, = 10 mV—rtesults in
a trap depth eV,/h = 20 GHz > kzT deep enough to
prevent thermal escape, and a transition frequency
w,/27 = 5 GHz convenient to microwave electronics.
The cavity can be represented by the Hamiltonian H, =
how,(ata + 1/2), with w,/27 = 5 GHz close to the de-
sired motional frequency. The electron’s motion within the
trap is affected by and induces an electric field in the
microwave cavity. If the level spacing fw, is in resonance
with the energy of a cavity photon Zw,, the two systems
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FIG. 2 (color). Side view of trap electrodes with energy levels
and wave functions of electron motional state. The electron is
confined to the surface of the helium film of thickness d. The trap
electrode (magenta) is biased positive relative to the ground and
center pin (blue) of the coplanar waveguide to laterally confine
the electron. These electrodes form a confining potential which
is harmonic to first order, but which flattens over the outer
electrodes, giving it a small softening anharmonicity. A sample
potential and nearly harmonic wave functions are shown. The
spatial extent of the electron zero-point motion a, is small
compared to the characteristic size of the trap w. To define a
spin-quantization axis a magnetic field in the x direction is
applied. To couple the motional and spin degrees of freedom a
current is sent through the center electrode creating a z-field
gradient within the trap.
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can exchange energy at the vacuum Rabi frequency, 2g =
V2ea, Ey/h, where Ey ~ 2 V/m is the zero-point electric
field in the cavity. This yields a Jaynes-Cummings
Hamiltonian of the joint system H=H,+ H, +
hg(atc + ac?), where ¢ is the motional quanta annihila-
tion operator. The electron motional states can be manipu-
lated quickly due to the large coupling strength
g/2m = 20 MHz, a consequence of the large electron
dipole moment ea,/ V2 ~2 %10 Debye, and without
exciting transitions to higher lateral states due to the an-
harmonicity a/27 =~ —100 MHz.

In addition to the motional degree of freedom, the
electron carries a spin degree of freedom. The bare cou-
pling of cavity photons to the spin is many orders of
magnitude weaker than to the charge, but can be enhanced
via controlled spin-motion coupling. A different mecha-
nism of enhancement for semiconducting double dots was
pointed out in [24]. A spin-quantization axis is established
using a magnetic field in the % direction (Fig. 2). The
Larmor frequency per unit field is approximately
wy/27B = 2ug/h = 2.89 MHz/G. Niobium cavities
have been demonstrated to maintain Q > 20 000 in parallel
fields of up to 2 kG, allowing Larmor frequencies of up to
w; ~ 6 GHz. Both the cavity and motion have hw > kT
so that they relax to the ground state.

We propose to create a nonuniform z-field component
with a gradient along the vibrational axis, d,B_, by passing
a current through the center electrode (in the y direction,
see Fig. 2). This leads to a new term in the Hamiltonian,
H, = —2ups.xdB,/dx. The resulting spin-orbit interac-
tion provides an enhanced cavity coupling g,, mediated
through the motional state, where
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This allows manipulation and readout of individual spins,
as well as the use of coupling techniques developed for
superconducting qubits [6]. Further, the coupling is pro-
portional to the applied current, allowing the spin-cavity
coupling strength to be tuned in sifu on nanosecond time
scales. For a 1 mA current 500 nm away a dB,/dx ~
8 mG/nm field gradient can be created. If w; < w, these
parameters give g, ~ 8 kHz, whereas if w, — w;, =
30 MHz then the coupling can be made large, g, =
0.5 MHz.

The current also creates a second-order variation in the x
component of B, leading to a new term in the Hamiltonian,
Hy = —upx’02B,s,. If the constant magnetic field is
applied along the y direction, this term will lead to side-
band transitions simultaneously changing the orbital and
spin states for drives at o+ = w, = w;. These transitions
can be used to manipulate, cool, and detect the spin using
its coupling to the lateral motion. With such cooling it
might allow one to use smaller spin frequencies.

It is also important to consider decoherence of the mo-
tional and spin states. The two major sources of noise are
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FIG. 3 (color). Decoherence rates of motional states as a
function of the trap frequency due to interactions with bias leads,
ripplons, and phonons. Rates are computed using parameters
specified in the text at 7 = 50 mk. Solid lines are decoherence
rates due to energy relaxation (I';/2), while dashed lines are
dephasing rates (I' ;). Single ripplon relaxation rate and phonon
dephasing rates are <1 Hz. Spin decoherence rates are discussed
in the text.

electrical fluctuations in the leads and excitations in the
liquid helium. Here we present a short summary of these
decoherence mechanisms (also see Fig. 3). A detailed
explanation of these mechanisms is presented in the sup-
plementary materials [25].

A motionally excited electron can relax radiatively via
spontaneous emission directly into free space, through the
cavity, or the trap bias electrode. The electron radiates very
little into free space, both because it is small (a, < A) and
because the microwave environment is carefully con-
trolled. In a perfectly symmetric trap, radiation through
the bias leads would be suppressed by a parity-selection
rule. We conservatively assume that the electron is dis-
placed from the trap center by ~a,, which gives a relaxa-
tion rate ~1.6 X 10° s~!'. Though this mechanism is not
expected to be dominant, it could be easily reduced sig-
nificantly by engineering the impedance of the trap bias
lead. In addition, slow fluctuations in the trap electrode
voltage (V,) can deform the potential, changing the mo-
tional frequency and resulting in dephasing. This can occur
from drift in the voltage source, thermal Johnson voltage
noise, or local “1/f” charge noise. Drift slow compared
with the experiment time is easily compensated. The ther-
mal noise at 50 mK is quite small with dephasing rate
<100 Hz. Any charge fluctuations in the bias leads should
be screened by their large capacitance to ground, but even
conservatively assuming an anomalously small capaci-
tance, we estimate a dephasing rate 8 X 10° s~!, which
would not be the dominant decoherence rate. Noise from
the cavity and ground plane electrodes should have less
effect due to the symmetry of the potential.

In addition to decoherence through the electrodes, the
electron can lose coherence to excitations in the helium.
Two major types of excitations are relevant: capillary
waves on the helium surface, known as ripplons, and
phonons in the bulk. The electron is levitated above the
surface at height rz ~ 8 nm, which greatly exceeds the
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height of the surface fluctuations, and therefore coupling to
ripplons is small. The characteristic electron speed a,w,
significantly exceeds the speed of sound v, in He and the
characteristic group velocity of ripplons. As a result, the
rate of direct emission is suppressed and decay into rip-
plons is dominated by second-order processes in which two
ripplons of nearly opposite momentum simultaneously
interact with the electron. The allowed phase volume is
limited by the condition on the total ripplon momentum.
Thus the corresponding decay rate is small, estimated to be
=<10° s~! (see Fig. 3).

The most important mechanism related to helium ex-
citations is decay into phonons. The coupling to phonons is
reminiscent of piezoelectric coupling in semiconductors.
An electron creates an electric field that causes helium
polarization, which in turn affects the electron. Phonons
modulate the helium density and thus the polarization,
which changes the electron energy. However, in contrast
to semiconductors, where the typical piezoelectric constant
is e, ~ 10" e/cm? [26], its analog in He is ~e(e —
1)/4mr} ~10'° ¢/cm?. Therefore coupling to phonons
is much weaker than in semiconductors. The correspond-
ing decay rate is ~3 X 10* s~! (see Fig. 3).

Besides decay, coupling to helium excitations leads to
fluctuations of the electron frequency and ultimately to
dephasing. The major contribution comes from two-
ripplon processes, since ripplons are very soft excitations
with comparatively large density of states at low energies,
so that they are excited even for low temperatures.
However, because of the weak coupling, the dephasing
rate remains small, ~2 X 10% s™! for 7 = 50 mK (see
Fig. 3). It also decreases rapidly as the temperature is
lowered. Another mechanism of dephasing is slow drift
of the helium film thickness, which changes the trap fre-
quency through its dependence on the height, d, of the
electron. Fortunately, the cavity forms a liquid He channel
[27] in which the film height is stabilized by surface
tension, rendering it much less susceptible to low fre-
quency excitations.

The electron spin promises much longer coherence
times, and when uncoupled to the charge, the lifetime is
expected to exceed seconds [15]. When the spin is coupled
to the motion, it will also inherit the orbital decoherence
mechanisms with a matrix element o« uzd B.a,/ho,.
These mechanisms can be further diminished by turning
off the gradient field or changing the spin-motion detuning,
to reduce the coupling. In addition to decoherence felt
through the spin-orbit coupling, the electron spin can be
dephased by fluctuating magnetic fields. These can arise
from Johnson current noise in the leads which would lead
to dephasing rates less than 1 s™!. It is also possible that
the spin will be affected by 1/ flux noise [28], often seen
in SQUID experiments. The trap involves no loops or
Josephson junctions, so it is difficult to predict to the extent
of flux noise in this geometry; however, even a worst case
estimate still yields a dephasing rate of only 200 s~ ! [25].

In summary we use circuit QED to propose solutions to
many of the problems associated with electrons on helium,
developing the ability to manipulate and detect both the
electron’s quantized motion and its spin. Further, this
architecture couples electrons on helium to each other
and to other quantum systems via single microwave pho-
tons, creating a scalable architecture for quantum
computing.
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