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Abstract

Detection of the Rydberg states of electrons on superfluid helium
confined in microchannel devices

The potential for quantum information processing with surface-state electrons (SSE) on
liquid helium has been pointed out in one of the historically first proposals for quantum
computing [1]. The quantized Rydberg states of the vertical motion of SSE, as well as
the spin states of SSE, present two promising candidates for the experimental imple-
mentation of qubit states. However, the lack of a sensitive state-readout method for a
single electron has so far prevented much progress in implementation of these states for
quantum computing. In order to overcome this obstacle, this PhD project seeks to lay
the experimental groundwork for the realization of Rydberg state detection of SSE on
liquid helium confined in microchannel devices, as well as their potential use for spin
state detection. We start from the transport measurements of SSE in a microchannel
setup, since well-understood transport behavior of SSE can help us to detect the Ryd-
berg transition. An unusual transport effect is reported and discussed. By employing
the time-resolved measurements, we show that the effect is due to the dynamical in-
teraction of the electron crystal with the surface excitations of the liquid substrate.
Next, the feasibility of detecting the transition between Rydberg states in a 4-pm deep
channel device is demonstrated using two different methods, the conductivity method
and the image-charge method. We find that the observed transition frequency for the
two lowest Rydberg states, which is in the range of 0.4 — 0.5 THz, is determined by
the image charges induced by SSE in the conducting electrodes of the microchannel
device and the applied potentials, and is in a good agreement with our analytical and
numerical calculations. Owing to the low sensitivity of this method, the number of
SSE in the device is required to be large, on the order of 10%, that is the sensitivity is
far below the final goal of single electron readout. Taking advantage of the LC (tank)
resonating circuits, we significantly improve the measurement sensitivity by employing
a resonator albeit with a relatively low quality factor. Finally, we present our ongo-
ing experimental efforts to optimize the resonator setup, in particularly increasing its
quality factor, which is an important step towards realizing an ultra-sensitive readout
of the single-electron Rydberg states.
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CcCD
Circuit QED
CPW
DL
FEM
MW
NMR
PCB
RF
SEM
SNR
SSE
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Bragg-Cherenkov
Charge-Coupled Device
Circuit Quantum Electrodynamics
Coplanar-Waveguide
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Finite Element Modeling
Microwave

Nuclear Magnetic Resonance
Printed Circuit Board
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Scanning Electron Microscope
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Nomenclature

Some commonly used symbols in this work.

b};, by Bosonic creation and annihilation operators

g Gravitational acceleration

q Wave vector of ripplons

k In-plane wave vector of electrons

h Reduced Planck constant

N Density of SSE
E, Pressing field exerting on SSE

r Plasma parameter

kg Boltzmann constant
Me Free electron mass
my Effective mass of ripplons

€0 Vacuum permittivity

« Surface tension of liquid helium-4

o Electrical conductivity

P Mass density of liquid helium-4

&(r), & | Surface displacement and its Fourier transform

Q, Dispersion relation for ripplons

I Electron mobility

In this thesis, all the equations are set to be in cgs unit, unless mentioned.
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Introduction

Electrons floating on the surface of liquid helium represent a very clean, homogeneous
and controllable two-dimensional electron system which has been widely used to study
the behavior of strongly-correlated electron systems. Additionally, in 1999 Platzman
and Dykman proposed using the quantized states of electron vertical motion as the
qubit states for quantum computing [1]. The Rydberg state qubit is assumed to have
sufficiently long relaxation time since the surface-state electrons (SSE) display the
highest mobility among all known condensed-matter systems. However, a recent study
shows that the relaxation time of the excited Rydberg states is shorter than 1 us
due to the inelastic ripplon scattering of electrons from the surface-capillary waves
(ripplons) [2]. On the other hand, the spin states of surface electrons on liquid helium
are expected to have extremely long coherence time (exceeding 100 s), much longer than
that in any other solid-state materials, which makes SSE spins a viable resource for
quantum computing [3]. It was proposed that coupling of the spin states to the Rydberg
states |1] or the states of the confined lateral motion of an electron [5] can greatly
facilitate the spin-state manipulation and detection, which would open a new pathway
towards building a scalable quantum computer. In the above proposals, the spin-orbit
coupling is introduced by creating a difference in the Zeeman splitting of the orbital
states in a sufficiently strong gradient of an applied magnetic field. Most recently, the
electrons trapped on the surface of solid neon were demonstrated as another promising
platform for realizing qubits [0].

Successful implementation of the proposed schemes for quantum state detection
and manipulation demands confinement and manipulation of electrons, at the level
of a single particle, in a some kind of microstructured device. The circuit quantum
electrodynamics (circuit QED) architecture comprising of a superconducting coplanar-
waveguide (CPW) resonator integrated with an electron trap has already demonstrated
capability for the single-electron quantum state detection [0, 7|. The microchannel de-
vices, which were extensively used to study the transport properties of SSE on the
superfluid helium [8-11], might provide another very useful platform for such pur-
poses. A typical device consists of an array of microchannels fabricated on a silicon
substrate and filled with the superfluid helium by the capillary action. The surface of
superfluid inside the channels is charged with SSE, which can be shuttled along the
channels by applying ac potentials to the conducting electrodes incorporated into the
channel’s structure. In addition, the applied electrostatic potential provides fine control
of the number of electrons in the channels, for example realizing a one-dimensional (1D)
chain of electrons along the channel [12, 13]. Such devices have shown an unprecedented
electron-transport efficiency by employing a charge-coupled device (CCD) configura-
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2 Introduction

tion [14], which is well suited for building a quantum-CCD architecture proposed for
the trapped-ion quantum computing [15]. Also, it was shown that the microchannel
structure can be incorporated with other mesoscopic devices, such as a point-contact
constriction, which enhance capabilities for charge manipulation [16].

Motivated by the possibility to realize the spin-orbit coupling of the spin states
of SSE and their Rydberg states, therefore the spin state detection in SSE, this PhD
project aims to lay the experimental groundwork for realization of the Rydberg state
detection for SSE on liquid helium confined in a small-scale device. This thesis consists
of five chapters. Chapter 1 focuses on the relevant background theory of electrons
on the surface of liquid helium. We demonstrate that many properties of this sys-
tem are already well-understood theoretically, which makes it convenient to serve as a
qubit system. Chapter 2 presents an overview of the experimental methods, as well
as some frequently used analytical and numerical methods for characterization of the
microchannel devices. In particular, we focus on the electric field distribution across
the device and the resulting density distribution of electrons, which are of great impor-
tance for understanding the results of the transport measurements and Rydberg state
detection presented in later chapters. In addition, the hydrodyanmical properties of su-
perfluid helium in a confined structure are also discussed for the sake of improving our
field distribution analysis. Chapter 3 focuses on our transport measurements of SSE
in the microchannel devices. In particular, an unusual nonequilibrium transport phe-
nomenon is discussed based on the results of our time-resolved transport measurements.
In Chapter 4, we present the first measurements of the microwave-excited Rydberg
resonance of SSE confined in a 4-pum deep channel device, using both conductivity and
image-charge detection methods. In Chapter 5, we demonstrate that employment of
a LC helical resonator significantly increases the sensitivity of the image-charge de-
tection. This chapter is concluded with the discussion of further improvement in the
image-charge detection method towards realization of a single-electron Rydberg state
detection.



Chapter 1

Electrons on superfluid helium
overview

A two-dimensional electron system (2DES) is a well established scientific model in solid-
state physics. It is an ensemble of electrons that is free to move in two dimensions, but
tightly confined in the third direction. This tight confinement leads to quantized energy
levels for motion in this direction. The surface-state electrons (SSE) on liquid helium is
a system that matches this definition of 2DES. In the SSE system, electrons are bound
to the surface of liquid helium forming states with hydrogen-like energy spectrum along
the vertical direction. On the other hand, the in-plane motion of electrons is usually
free and independent of the motion normal to the surface. The existence of SSE was
predicted independently by Cole et al. [17] and by Shikin 18] in 1969, and later was
experimentally proved by demonstrating its various properties, such as the lifetime of
the surface-bound states [19-21], SSE mobility and magnetoconductivity [22-30], the
liquid to solid phase transition of SSE [31-34], as well as the excitation of the quantized
surface-bound (Rydberg) states [35-37].

In this chapter, following the most commonly used theoretical approaches in solid-
state physics, we discuss the fundamental properties of SSE on liquid helium surface,
thus laying the theoretical groundwork for the remaining parts of this thesis. In Section
1.1, we briefly summarize the general properties of the SSE system. Section 1.2 presents
the Hamiltonian of a single electron for the motion perpendicular to the surface of
liquid helium, the hydrogen-like energy spectrum of this motion, and the effect of an
external electric field. In Section 1.3, we extend the single electron case to a many-
electron system and discuss the phase diagram and the collective in-plane motion of
many electrons. Section 1.4 introduces the elementary excitations of the liquid surface,
so called ripplons. We will discuss the coupling between electrons and ripplons, in
particular the details of coupling of ripplons to a single electron. In Section 1.5, we
reviewed electron mobility using the classical Boltzmann kinetic equation approach,
while a phenomenological description of the electron mobility for SSE in solid state
is given in Section 1.6. In Section 1.7, we discussed the transition linewidth of the
excited Rydberg states. Finally, in Section 1.8, we briefly summarize the proposals
and achievements in the realization of qubits using the electron-on-helium system.



4 Electrons on superfluid helium overview

1.1 General properties of SSE

As a clean many-body system, SSE on liquid helium exhibit some remarkable properties
comparing with other condensed-matter systems. A comparison with the conventional
semiconductor 2DES is listed below:

e Effective mass: It is well known in solid-state physics that the effective mass of
an electron is obtained from the energy spectrum E(k) of an electron due to its
interaction with the crystal lattice, with m* = h%%%. In this case, the effective

mass is usually different from the free electron mass. For example, for electrons

in GaAs, m* ~ 0.067m.. On the other hand, in the electrons-on-helium system

SSE interact with a uniform neutralizing background due to the applied uniform

electric field. As a result, the effective mass is very close to the free electron mass

Me.

e Effective Rydberg energy and Bohr radius: For semiconductor 2DES, the
shallow levels are often described in the frame of the effective-mass-approximation
with the Hamiltonian H,,~ = —%VQ — g +V(2), where ¢ is the static dielectric
constant of the semiconductor and V' (z) represents the quantum well potential
provided by the GaAs/AlGaAs interface [38]. For SSE, the energy spectrum of
this hydrogen-like bound state is determined by the weak binding potential due to
a weakly polarized liquid € ~ 1, leading to large Bohr radius and small Rydberg
energy. The Rydberg energy spectrum and surface-bound states of SSE will be
discussed in Section 1.2.

e Density: In semiconductor 2DES, the electron density is fully determined by the
doping and can reach 10'2 em~2 or even higher. Thus the inter-electron distance

is several nanometers, which is comparable to the thermal de Broglie wavelength

2mh?2
kaT ’

is the Boltzmann constant. On the other hand, the SSE system is a clear example
of a classical system. In typical experiments, the density of SSE on helium surface
ranges from 10° — 10° cm~2, which is limited by the hydrodynamic instability of
the liquid helium [39, 10]. This gives the average distance between two adjacent
electrons around 0.3 — 10 pum. Because of the large inter-electron distance, there
is no overlap between electron wavefunctions. Thus, SSE on liquid helium is a
nondegenerate 2DES, even at very low temperatures. The phase diagram of SSE
on liquid helium will be discussed in Section 1.3.

Ade of an electron, with A\ge = where T is the ambient temperature and kg

e Mobility: SSE on liquid helium have the highest known electron mobility among
all known 2D electron systems due to the absence of typical scattering mech-
anisms presented in other systems. The highest measured mobility p is in
the order of 109 em?V~ts™ [22, 41], while in typical semiconductors p ~
107 — 10" em? V157! [12]. The details of electron mobility and scattering mech-
anism will be given in Section 1.4.

Table 1.1 summarizes the basic properties of SSE on helium and 2DES in GaAs
heterostructures.



1.2 Bound state of a single electron in the vertical direction )

| | SSE (“He) | GaAs/AlGaAs [35] |

Effective mass (m*/m.) 1 0.067

Effective Rydberg Energy (K) 7.6 61.6

Effective Bohr radius (A) 77.8 103.4
Typical surface density (cm~2) | 10% — 10° 10t — 10"
Mobility (cm?/V -s) 10% — 10" 10* — 10°

Table 1.1: Basic properties of SSE on helium and 2DES in GaAs heterostructures.

1.2 Bound state of a single electron in the vertical
direction

Let’s start with the case of a single electron floating on the surface of liquid helium.

We consider separately the cases of zero and non-zero applied perpendicular electric
field.

1.2.1 Hamiltonian of a single electron for the motion in the
vertical direction

For a singe electron, as was first proposed by Cole et al. [17, 13], the interaction between
electron and helium atoms can be described by a potential V'(z), where z is the distance
of the electron from the helium surface, according to

Viep, 2<0
Vi(z) = p_ ) (1.1)
Vare = —Ae*/(z + 20), 2> 0.

Here, Viep >~ 1 €V is the short-range repulsion due to the Pauli exclusion principle,
which prevents electron from entering the liquid and V, is the weak attractive Coulomb
potential, due to the polarization of the helium atoms. This potential can be simplified
as the interaction of electron with an image-charge eA = e(¢ —1)/4(¢+1) in the liquid.
In Eq. (1.1), 2o = 1 A is an empirical adjustable off-set parameter which accounts for
the finite width of the vapor-liquid interface [11]. The motion in the z-direction is then
described by a 1D Hamiltonian
~ h? 92

Hz = —Qme@—FV(Z’), (12)

where m, is the mass of the free electron. Introducing the effective Bohr radius ag and
Rydberg constant R, according to

B h? B meA%e?
- Ae2m,’ Yoo oR2

agp (1.3)

and rewriting the stationary Schrodinger equation H, ¢, (z) = E,1,(2) in terms of the
dimensionless coordinate £ = z/ag and energy ¢, = E,/R,,, we obtain the Schrédinger



6 Electrons on superfluid helium overview

equation in a form

O = 1) () = etnl®) (1.4)

——— — = | Un(&) = entn(§). .
08 ¢

Here, we assumed an infinite barrier V., — 0o and zy = 0 to simplify our calculations.

The above equation is identical to the Schrédinger equation for the radial part of the

wave function of an electron in the hydrogen atom, with the solution

3/2
() = 2 (L) e L, (2_2) | (1.5)

aogn aopn

where L) (z) = L0 (e7#2"+*) is the generalized Laguerre polynomial. Thus,

the energy spectrum of such surface-bound (Rydberg) states of an electron above flat
surface of liquid helium is given by

P R, meA2et

n2 = —W, n = 1,2,3, . (16)

The value of Rydberg energy is R, = 159.123 GHz or approximately 7.6 K, therefore
for typical experimental temperatures below 1 K, the electrons freeze into the ground
state of their vertical motion, thus forming a 2D system. The lowest three energy
levels and the corresponding wave functions are presented in Fig. 1.1. The average
distances from the helium surface for the ground, first and second excited states are
(11 z|1) ~ 11.42nm, (2]|z]2) ~ 45.66nm, (3|z|3) ~ 102.73nm, respectively, which
significantly exceed the atomic length scales, with the Bohr radius of electron in the
hydrogen atom about 0.53 A.

He
)
1
4 \
1 1AE43=135.6 GHz
| |
1 1
1 1
1 1 o )
\AE12=114.4,GHz lwi]
1 1
i : l@2| 2
1 1
: | lps]?
2a, x $
0 50 100 150 200
z(nm)

Figure 1.1: Energy spectrum and energy eigenstates of an electron bound
to the surface of liquid helium. The lowest three energy levels n = 1,2, 3 are shown
together with the probability density of the corresponding eigenstates. The spectrum
resembles that of an electron in the hydrogen or Rydberg atom.

Electrons in the ground state can be excited to the higher Rydberg states by exter-
nal millimeter-wavelength electromagnetic radiation. The major process that affects
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the life-time and coherence of these states is the scattering by the surface excitations
(ripplons). In Section 1.4, we will work out the corresponding scattering rates.

1.2.2 Vertical states in the presence of an external electric field

Under the typical experimental conditions, electrons are bound to the surface not only
by attraction to the image charges but also by an external holding electric field applied
perpendicular to the liquid surface. The interaction of an electron with a uniform
external field E = E ¢, results in the electron potential energy eF, z. This allows
us to vary the energy spacing between Rydberg states and tune it in resonance with
MW radiation. It can be convenient to compare the strength of the external field £
in terms of a characteristic electric field Ey, which evaluates the effective electric field
due to the image charge, with Ey = 4mzze% ~ 405V /cm. We start from two extreme
cases:

e In the case of the weak external field F, < FE,, the energy correction to the
n-th energy level is given by the usual first-order perturbation theory: AEY =
eE | (n|z|n), where |n) corresponds to the Rydberg states in zero electric field.

e In the presence of a sufficiently strong holding field, the trapping potential Ae?/aq
provided by the image charge is negligible and we have a linear trapping potential
el| z. The eigenenergy of the Hamiltonian with a linear potential is well-known
[45], B, = eE1(o/yr, where vp = (2meeE, /h?)Y3 and the discrete numbers
¢, are related to the roots of the Airy function Ai(z), with Ai(—(,) = 0. The
corresponding wave functions are given in terms of the Airy functions v, o

Ail(z — )]

However, for most of the experimental conditions considered in this thesis we work with
intermediate holding fields for which the attractive image potential is not negligible. In
this case, it is difficult to work out the analytical solution for the Hamiltonian. Instead,
we can numerically solve the corresponding Schrodinger equation and find the eigenen-
ergies F, and the corresponding eigenstates. Alternatively, one can use the variational
method where the wave function can be approximated by a trial solution y,,(z) resem-
bling the unperturbed wave function v,. FE.g., the ground state trail solution can be
looked for in a form y(z) = 27%/2ze™7%, where v is the fitting parameter determined by
the condition 0 (x| H |x) /0y = 0. Fig. 1.2 shows the eigenenergies for the lowest two
Rydberg states (a) and the frequency of transition from the ground state to the first
excited state (Fy — F1)/2mh (b) obtained using three different methods. Blue lines are
results obtained by numerically solving the Schrodinger equation. Red lines are results
obtained by using the variational method. Green lines are the analytical Airy solutions
obtained by neglecting the image charge potential. One can see that the Airy function
asymptote fails for weak F|, while for sufficiently strong E| the transition frequencies
obtained by the three methods are in good agreement (see inset of Fig. 1.2(b)). Also,
in Ref. [16] it was shown that the variational ansatz can be given by an analytical



8 Electrons on superfluid helium overview

g x107"° , ,
600  ——Diag Hamiltonian
—Variational method
500 [ ——Airy function
‘N 400
T
e 300
o
200
100 2 4 6
2 (b) EJ (kV/cm)
- : . : 0 . .
0 500 1000 1500 2000 0 500 1000 1500 2000
EL (V/icm) EL (V/iem)

Figure 1.2: Variation of the energy level spacing due to the Stark effect.
(a) The energies of the lowest two Rydberg states (solid line: n = 1, dashed line:
n = 2) versus E, . Blue lines are results from a numerical solution of the Schrédinger
equation. Red lines are results obtained from the variational method. Green lines are
the analytical solution of the Airy function by neglecting the image charge potential.
(b) Frequency of transition from the ground state to the first excited Rydberg state as
a function of the electric field strength. Inset: the same for large values of E .

expression

-1
a3 sinh lsinh*1 N : (1.7)
o 4 3 4

where 7o = ay " and A = \/E, /2E,.

1.3 The in-plane motion of SSE

In the previous section, we considered the confined motion of an electron in the vertical
direction. In a typical experiment, the surface of liquid helium is charged with many
electrons, thus forming 2D sheet of electrons in the z-y plane. In this section, we
describe the in-plane motion of such a system assuming that all SSE occupy the ground
Rydberg state of the vertical motion.

1.3.1 In-plane Hamiltonian and phase diagram

The Hamiltonian for the motion parallel to the helium surface for an infinitely large
electron system can be written as

2 2

D; 1 2me ik-(r;—r;

HQD :Ke Ur = 7 - v ik (ri—rj) 1.8

tUo=) 5-+52 ¢ : (1.8)
% k,i#j

where first term represents the in-plane kinetic energy K., and the second term is

the 2D Fourier transform of the Coulomb interaction energy Us = €?/|r; — r;| =
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S (2me? k) rimTi) where k = |k| and r; is the coordinate of i-th electrons. One
should note that the image charges and external holding electric field £, provide a
uniform positive background, thus does not affect the in-plane Hamiltonian, whereas
for a 2DES in semiconductor the neutralizing background is provided by the atomic
lattice, which imposes a periodic potential on electrons and results in the energy band
structure [17].

Phase diagram and Wigner solid

It was pointed out by Wigner [18] in 1934 that a degenerate Fermi gas/liquid is not the
only possible ground state for an interacting electron system. A 3D electron system
embedded in a structureless positive background can also form lattice structure to
minimize its energy at relatively low density, where the potential energy greatly exceeds
the kinetic energy. This lattice structure is called the Wigner solid (WS). Later, it
was suggested by Crandall and Platzman [19, 50| that a similar phenomenon should
occur in low-dimensional systems, such as the SSE system on helium. From the 2D
Hamiltonian given by Eq. (1.8) one can see that the phase diagram of a 2D electron
system is determined by the competition between the long-range Coulomb interaction
and the kinetic energy of electrons. One could define a dimensionless plasma parameter
" as the ratio of the interaction energy to the kinetic energy, I' = Ux/K,. The phase
boundary between electron liquid and electron solid can therefore be obtained by setting
the plasma parameter equal to a critical value I' = I'y; this is the so called Lindemann
criterion. The phase diagram of SSE on a bulk liquid surface was first analyzed by
Platzman and Fukuyama [50]. This study prompted an experimental search for WS in
the electrons-on-helium system. The first experimental proof of Wigner crystallization
was given by Grimes and Adams in 1979 [31], who measured the critical value of
[y >~ 137. This result was in good agreement with the Monte Carlo calculations which
gave ['g = 125 £ 15 [51].

It is clear that the mean Coulomb energy per electron is Us = €?/rq, where r
is the average distance between electrons, which is related to the electron density as
ns = 1/mr2. The mean kinetic energy per particle can be evaluated using the Fermi-
Dirac distribution f(e;) = (exp|(ex — pte)/kpT| + 1) ! as

— 2 d?k mekET?
K. = n ngf(@c) = TSFFF(Z)’ (1.9)

where z = exp(—pe/kgT), F(z) = [;° lffez, and the chemical potential . is related
to the electron density as

dk kT 1

By substituting these two equations into the expression for the plasma parameter I,
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one can obtain the parametric equations for the liquid-solid boundary

ng(z) [In(1+1/2)]*

T i) (1.11)
T(z) _ [In(1+1/2)]°

where n, = 4/(ma%l3) and T* = 2e*m/(h?kpl%). For Ty = 137, we have n. =~
2.43 x 102 cm™2 and T* ~ 33.6 K. The melting curve normalized in terms of the
critical density n. and critical temperature T, = 0.397™* is shown in Fig. 1.3(a).

It is instructive to consider the high-density limit first. In order to estimate the
plasma parameter, we assume the zero-temperature limit

lim f(ex) =

T—0 ’

0 if Ek > Ue = EF,

where e = h?/mr3 is the Fermi energy. The radius of the Fermi circle in k-space is
given by kr = 1/2mns. The mean kinetic energy per particle given by Eq. (1.9) then
reduces to K, = ¢ /2, thus the plasma parameter is given by

Uc  e*2mrd  2rg

I =
K. ry h? ag

= 2r,, (1.14)

where ag = h?/e*m is the Bohr radius for the hydrogen atom and r, is the normalized
inter-particle distance. Eq. (1.14) shows that in the high-density limit the plasma
parameter is proportional to the inter-electron distance, which decreases with increasing
electron density. In particular, for sufficiently high density, such as r, < I'y/2, the
kinetic energy K, oc 1/r? is much larger than the potential energy U, o< 1/r,. So the
system is in a degenerate Fermi liquid state.

To achieve the condition r4 ~ I'g/2 at which the degenerate Fermi liquid crystallizes
into a solid phase, one needs to have the density at least 10'? c¢cm™2 of electrons.
Contrarily, the typical density for electrons on helium is in the range 10° — 10 cm™2,
given r, ~ 10% — 10°. Thus, an experimentally accessible regime is located in the
low density region of the phase diagram, see Fig. 1.3(a). In this region and at finite
temperature, the kinetic energy is determined by the thermal fluctuations, with K, =
kT, such that we can rewrite the the plasma parameter as I'(ng,T) = Ug/kpgT =
e?ap/kgTr,, which has the opposite dependence on r,.

Fig. 1.3(b) shows the high-density asymptotic melting curve at finite temperature,
which is indicated by the orange shaded area in Fig. 1.3(a), the low-temperature asymp-
tote of Eq. (1.11) is given by:

n 2m?
HLAYN ¢ (kgT)%. 1.15
Ne 3h4n§( 5T) ( )
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Figure 1.3: The phase diagram of SSE. (a) The normalized phase diagram ob-
tained by Platzman et al., with n. ~ 2.4 x 10?2 cm™2 and 7, ~ 13.1 K, as described
in the text. The orange and blue shaded area represents the quantum and classical
regimes, respectively. The figure is reproduced from Ref [11]. (b) Quantum melting
curve obtained using the asymptotic solution of Eq. (1.15), as described in the text.
(c): Classical melting curve given by the competition between thermal kinetic energy
and Coulomb interaction, as described in the text.

In the low-density regime, the resulting melting curve is given by

F 2
ne = T2 (ﬂ) , (1.16)

1/262

and is shown in Fig. 1.3(c).

Note that the melting curve presented in Fig. 1.3(a) was obtained using an assump-
tion that the plasma parameter is fixed to 'y along the liquid-solid boundary. Other
mechanisms, such as the dislocation melting (Kosterlitz-Thouless) mechanism, might
affect the phase boundary [52, 53].

1.3.2 Excitations in 2DES

So far, we described the ground state of 2DES. In this section, we will outline the
dispersion relation of 2DES excitations following an approache given by D. Pines [51].
Using the 2D Hamiltonian given by Eq. (1.8), together with the Hamilton’s equations
of motion &; = OH/0p; and p; = —OH /Ox;, we can obtain the corresponding equation
of motion for the i-th electrons as

2me? k ..
P = —i — eike(rimry), 1.17
r; 1 . Z . ( )
k,j
In general, the set of the above equations for ¢ = 1,..., N is difficult to solve. One

could simplify the problem by using the mean-field approximation and introducing the
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density function p(r) and its Fourier transform according to

p(r) = Z r—r;) = Zpkeik'r, (1.18)
Px = /p(r)e_ik'rdr = Ze_ik'ri. (1.19)

Note that p—o) = n, represents the mean electron density, and pyx with k # 0 describes
fluctuations about the mean density n,. Taking the time derivative

d? |
dt’;k == [(k-1y)? + ik - fyJe (1.20)

i
and substituting the equation of motion for ¥;, we obtain

d2pk :\2 —ikr; 2me? —i(k—k')-r;1,/ —iker;
Ere Rl E (k-1r;)% - E — E e k-kg e "M, (1.21)
K ¢ j

%

Next, we split the second term into two parts, with k' = k and k' # k. For k' # k, one
can apply the random phase approximation with ro > (k' —k)~!. Then the oscillating
term /¥ KT ayerages to zero by the summation over all particle coordinates. For
k' = k, the summation >, e “*~¥)Tik’ . k becomes 3. k* = k?n,. Thus Eq. (1.21) can
be rewritten as

4%y 2 ikers 2TERNGR X~ e,
Y S

. e .
7 (2

In the long-wavelength approximation with small |k| < 75", the first term (k - ;) is
negligible comparing to the second term. Thus we obtain

d®p 2mengk
di¢? Me

pe =0, (1.23)

with the corresponding dispersion relation given by

o _ [2nge2k 194
Wy, —me : (1.24)

This is the well-known plasma frequency describing the collective behavior of the elec-
trons in terms of the density oscillations. The superscript [ stands for the longitudinal
mode of the collective system, as we know that physically liquid can not support
the transverse mode. Note that for the 3D electron system the Fourier transform of
Coulomb potential is €2/|r; — ;| = 3, (4me?/k?)e™ Fi~Ti) and the differential equation
under the long-wavelength approximation is given by dp?/dt? + (47n.e?/m.)px = 0,
with the dispersion law wgD = /4mnge? /me.

Things become more complicated when the electron system crystallizes into solid
phase. In particular, the transverse mode and longitudinal mode can coexist in WS.
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In the long-wavelength limit (k < r;'), the transverse mode is acoustic, with the
dispersion relation given by [55]

o2 1/2 2 1/2
@”:(0.138 ) k, ct5(0.138 ) . (1.25)

meTo meTo

In the short-wavelength limit, where the wavelength is comparable to the inter-
electron distance, the dispersion relation deviates from the simple asymptotes (1.24)
and (1.25). In particular, for different types of 2D Bravais lattices, the ground state
phonon spectrum of WS was calculated by Bonsall et al. in terms of Ewald’s summation
method [55].

1.4 Coupling of SSE to the environment

As any experimental system in the real world, SSE unavoidably interact with the local
excitations of the environment leading to a finite electron mobility, finite life time and
decoherence of the excited Rydberg states, etc. In the 2D electron system formed on the
soft substrate of liquid helium, the major effect comes from the interaction of electrons
with the helium vapor atoms, as well as elementary surface excitations, ripplons. Since
the vapor density of helium is extremely low at the typical experimental temperatures
(T < 1K), see Fig. 1.4, we will omit the discussion of the interaction with the vapor
atoms and concentrate on the interaction with ripplons.

10°

102

Vapour pressure, P (mbar)

104 1 Y SE e | L L1
02 05 1.0 20 50

Temperature, T (K)

Figure 1.4: The saturated vapor pressure of *He and “He as a function of temperature.

1.4.1 Elementary surface excitations

The excitations of the surface of liquid helium, known as ripplons, can be introduced
by a conventional hydrodynamical model [56-59]. In particular, they are described as
the surface deformation &£(r) of an ideal incompressible fluid due to the gravitational
force, surface tension and presence of a solid boundary at distance d below the surface.

The dynamics of fluids can be described by the well-known Euler equation, in the
form dv/dt = —V P/p, where P is the pressure inside the liquid. Taking account the
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pressure due to the gravity —pg¢ and surface tension aV2¢, we can rewrite the Euler
equation as

dv

pap = V€= pgg, (1.26)

At the surface of the liquid helium, the velocity field of the fluid is given by the boundary
condition

08 0P

0T 9

where ®(r, z) is the velocity potential of the fluid induced by the surface displacement,

with v .= V®. Note that for the incompressible liquid the velocity potential also

satisfies the Laplace equation V2® = V -v = 0. By taking the time derivative of
Eq. (1.26) and using the boundary condition given by Eq. (1.27), we obtain

(1.27)

(1.28)

Finally, using a trail solution ® ~ e~**e? f(r), where f(r) is a periodic function of r
with period 27 /q, we obtain the famous dispersion relation for surface capillary-gravity
waves

2 _ @ 3

Q, = <gq + ;q ) tanh(qd). (1.29)
In typical experiments using bulk helium, the liquid depth is relatively large, therefore
tanh(gd) — 1. Moreover, for typical values of ¢ the gravitational term is negligible
comparing to the surface tension term. Thus, the above relation reduces to €, =

Va/pg?’?. Fig. 1.5(a) plots the dispersion relation as a simplified ¢*?2 law. Since
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Figure 1.5: Dispersion relation of surface capillary-gravity waves. (a) ¢

200¢
100}

10

20

30

qem™]

40

50

Excitation Energy (meV)

0.4

‘.
0.2 .

Lol

0.0
[

0.4

0.8

Wave-vector

1.2

(A"

it

6

dispersion relation in the long-wavelength limit, (b) dispersion relation in the short-
wavelength limit measured by the neutron scattering techniques. Dashed line: Phonon-
roton spectrum of superfluid helium at zero pressure. Solid line: ripplon spectrum
predicted by Edwards’s semiempirical theory of compressible liquid [58]. The figure is
reproduced from Ref [60].

the damping of ripplons is very weak in superfluid *He, the dispersion relation (1.29)
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can be checked experimentally in the long-wavelength limits. The first experimental
observation of the break-down of the ¢*/? law due to the gravitational force at large wave
vectors has been done by Lauter et al. [60]. Modifications of the dispersion relation for
smaller wavelength have been done by taking into account the surface curvature and
compressibility of liquid, which lowers the ¢*/? spectrum in the short-wavelength range
[58, 61, 62]. Fig. 1.5(b) presents the measured data in in this regime.

In our system, most of the ripplons interacting with SSE belong to the long-
wavelength region, which is known to be accurate in terms of the spectrum (2, =
v a/pg?’? [44]. In the remaining parts of this chapter, we assume the ¢*/? law.

Second quantization description of ripplons

Next, we review the description of ripplons using the second quantization treatment
of the quantum mechanics. Starting from the classical hydrodynamical model, the
ripplon Hamiltonian is given by [63]:

H, =

l\DIb

/(Vd)) d*rdz + /]-" lv' — r|)¢(r)E(x')d?r'dr, (1.30)

where the first term denotes the kinetic energy of fluid and the second term represents
the potential energy of fluid arising from the surface tension force. F(|r’ —r|) is an
unknown structure factor. Using periodic boundary condition, the Hamiltonian (1.30)
can be expanded in terms of the wave vector q using £(r) = ﬁ > qfa e’@T. Then, one
can rewrite JF in g-space by relating the Fourier transform F to the ripplon spectrum
Q, using QF = 2qF4/p.

The kinetic term can be solved by using the Green function method [63], which
gives
eilar+q’r’)
/
Ke 47rS qugq //deS r—r/| ’
= st = gl (131)

Thus, the canonical Hamiltonian in ¢-space can be written as
2 1 2 (2
H, S Z ’Wq| + quQ &l (1.32)

where m, = p/q and 7y = mqfq is the effective mass of ripplons and the generalized mo-
mentum, respectively. Note that the Hamiltonian (1.32) is identical to the expression
for a harmonic oscillator. Following the standard quantization procedure of quantum
mechanics, we replace {4 and mq with operators. Note that éq and 74 are Hermitian
operators, which satisfy é:; = f_q and ﬂl = T.q. Using orthogonality, we can verify the
fundamental commutation relation [£q, 7i.q] = ih0qq -

One could further write the Hamiltonian H, in the second-quantization notation
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by introducing the bosonic creation and annihilation operators bt and b according to

- h
fa = 2mgS2,

MmgQy - -
frq =i/ % (b — ba), (1.34)

which satisfy [bq, BL,] = 0q,q- The Hamiltonian is therefore written as

(b g + bq), (1.33)

. L1 1
H, =" hQy (b bg + 5= > hQy(ng + 5 (1.35)
q q

where ngq denotes the occupation number of the ripplon state corresponding to the
wave vector q. This formalism permits a considerable simplification in the description
of the ripplon system.

1.4.2 Coupling of ripplons to SSE

In this section, we introduce the coupling of electrons to ripplons and derive the general
form of the corresponding interaction Hamiltonian. Note that the coupling of electrons
to superfluid excitations is mathematically complex, leading to some lengthy calcula-
tions. For the sake of simplicity, we only focus on discussing the physical picture and
derive the main results. Detailed calculations can be found in Ref. |11, 16, 63-66].
The Hamiltonian of ripplons interacting with a single electron can be written as

=09 4 79 ¢ Hy,

~2 ~9
N P D ~
— o J [Pl o) SV, 1.36
r+2m+2+e(z)+, (1.36)

where H'” is the Hamiltonian of the ripplon system given by Eq. (1.35). The Hamil-
tonian of an electron A is treated as usual by separating it into in-plane and vertical
parts, with Ve(o)(z) representing the potential energy of an electron on a flat helium
surface

VO(2) = Viep(2) + Ve (2) + eE 2. (1.37)

e

In addition in Eq. (1.36), we introduced the interaction Hamiltonian Hye = 6V, as
the electron energy arising from the deformation of the liquid surface £(r), that is
5V, = v (z+&(r)) — V;(O)(z). We will treat Hyy as a perturbation and find the matrix
elements of ﬁim assuming that the unperturbed electron wave function coincides with
the wave function of an electron over the flat surface. This is referred to as the Bloch
approach [11].

From the general form of (1.37) we write the potential energy of an electron over
the deformed surface as

Ve(z 4+ &(r)) = Viep(z + £(x)) + Vare(z + £(x)) + eE 2. (1.38)



1.4 Coupling of SSE to the environment 17

The polarization interaction term is obtained by considering the contribution from
the helium atoms comprising the liquid with the deformed surface

Varr(2 +£(r)) = —é/d?’R’%

e
A &) d2’

== [ d 1.39
e e 0™

where 6 is the step function, R'(r’, z’) and R(r, 2) is the position vector of an element
volume of liquid and an electron, respectively. Note that at & = 0, the potential
Vare(z + £(r)) — Vaw(z + 0) recovers the interaction potential for the flat surface,

— _Aet
Vatt = PR

The perturbative description of the repulsive term Viep(z + £(r)) is rather simple.
For the flat surface, the repulsive barrier is simply a step function V0(—z). Thus, we
can write the perturbed repulsive potential as Vie,(z + £(r)) = Vob(&(r) — 2).

Finally, assuming that the unperturbed wave function of an electron coincides with
the wave function over the flat surface, the potential energy provided by the external
field F/| remains the same as for the flat surface, that is eF z.

The interaction Hamiltonian f[im = ¢V, is therefore given by

OVe(z +£(r)) = Vel(z +£(r) = VO(2)
= Viep(2z + (1)) = Viep(2) + Vare (2 + £(r)) — Vare(2)
= 0Viep + 0Vags. (1.40)

We are interested to find the matrix elements of f]im over the unperturbed states,
which are state products |n) |k), where |n) = 1, denotes the Rydberg states and
k) = \/%—Ae“” represents the state of in-plane motion of an electron, and S4 is the
area of liquid surface. We calculate the matrix elements of 6V, and 0V, separately.
In the following, we will use the following short notations for the matrix elements

(] -+ ) = (- e and (k] k) = (-
Matrix element of repulsive term V,p
Using the explicit form of Ve, in terms of the step function, we immediately obtain

(0, K| 6Viep [0, k) = (K'| (0| Viep (2 + £(r)) = Viep(2) ) [K)

£(r) 0

— 1| [ e [ ww)wn(z)dz] k)
£(r)

=WV [ e . (141)

0
Next, we expand the wave function of the vertical motion in the Taylor series around

z2=0
Y (0)
0z

Un(2) = P (0) + 24 O(2%) ~ 1,(0) 4 /. (0)z. (1.42)
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Using this and keeping terms up to the second order in £, we obtained from Eq. (1.41)

(', K| 6Viep n, k) 2 Vo (0)10n (0) (K[ € k) + %[wn«ow;(m + U (001 (0)] (K[ £ k).

Finally, using the continuity of the electron wave function at z = 0, that is ¢/,(0) =
kotn(0), where ky = v/2mVy/h, we obtain

/ / h2 / / / ‘/Oh‘2 / !/ / 2
(K| 8Viep [, ) = 500, (0)01,0) (K€ ) + 1/ 22, (0)24,(0) (K1 €2 ) . (1.43)

For practical calculations, it is convenient to express the derivatives ¢/(0) in terms of

an integral over the interaction potential V(z) = —ATEZ + el z. Using the Ehrenfest
theorem 0
dVe dp
— = (n| — 1.44
() 5 ) = (o] P jm) (1.44)

and the basic property of a bound state (n|p|n) = 0, where p is the operator of
momentum, we have

3 =)+ V) ) =0 > Va0 + (5) =0 ()

Then, we immediately obtain

1 oV 2m 6V
0= (ﬁ)m and v (0) = kovn(0) = /53 \/ 82 (1.46)

Finally, the matrix element of the repulsive part of the electron-ripplon interaction
0Viep up to the term quadratic in the surface deformation £ can be represented as

ov oV
/ / _ - - /|l iqr
<k,n|5v;ep|k,n>—\/(az)m(az)n/ DUt b (K] +

ov ov 'Y (T 2 \(T 7 A8 ")r
+k\/<0_) () Q@+ )i + o) (107 ) (L4
nn n'n’ a9

Above, we used the representation of the amplitude of the surface deformation in
.. —1/2 q 5 SN g
the second-quantization form &(r) = S,/ > qa T =2 Q;(biq + bq)e'd™, where

Q, = 1/2m o;» See Eq. (1.33).
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Matrix element of attractive term 0V,

To derive the matrix element of (k', n'| §Vyy |k, n), we recall the expression for attractive
potential (1.39) and expand it in terms of z

SV = —%/er’{[( ) L e } (1.48)

v —r)2+ 222 [t —r)2+ 2P

Using the table integrals

2 eiar’ _mq
/d r/m = - Kle2), (1.49)
i(q+q’)r’ 72
2, © _ mla+d]| ,
/d vom g - gz lelatdl), (1.50)
where K,, (n = 1,2) is the modified Bessel function of second kind [67]. The matrix

elements of 0V, over the electron states can be represented as

ot 7 7 A | ,igr
(K| 0V flem) = = 37 Q6L +ba) (| K (g2) ) (€| 7 k)~
q

Gt g Ala+q” i(a+d)
= 2 QL )+ ) 1 L Ko 1) ) 0 .
.’

(1.51)

Representation of matrix element of the §V,

Finally, the matrix element of §V, = 6V;ep+0Vat is given by the summation of Eq. (1.47)
and (1.51). The term linear in the surface deformation £ represents the one-ripplon
scattering processes, while the term proportional to &2 corresponds to the two-ripplon
scattering processes. Again, for practical calculations it is convenient to rearrange the
expression for the one-ripplon scattering elements. We add and subtract a term

ov Ae? Ae?
(a) n'n N (? _'_ EEl)n/n N (?>n/n + eEL(sn/n (152)
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into the corresponding expression. Then, the summation of Eq. (1.47) and (1.51) can
be represented as

(K, n'[0Ve |n, k) = Z Q’q(lA)T_q +bq) (") o X
q

o) -2,

S QU (g + b (b + by) (7).
q,9

+ eEL(sn’n} +

k'k

[k\/ (%) (%) - (M Raa q'|z>)m/] (153

It is convenient to represent this result in a more compact form

(Vo = > €aUa(2) (€ e + Y Eqr€aUqra(2) [ 4T je (1.54)
q d'q
= (Hilnrt)kk',nn’ + (anrt)kk’,nnu (1.55)

where &4 = Q;(I;T_q + Bq), while Uq(2) and Uyq(2) are given by the expressions in curly
and square brackets in Eq. (1.53), respectively.

In addition to the Bloch approach, there is another treatment of the electron-ripplon
interaction called the adiabatic approximation. The motion of the surface deformation
is considerably slower than the motion of an electron, providing the wave number
of corresponding ripplons is sufficiently small. For such ripplons, the electron wave
function is adjusted adiabatically to follow the slow motion of the surface displacement
&, In other words, the electron wave function is assumed to be zero at the uneven
helium surface. Contrarily, in the perturbative Bloch approach, the unperturbed wave
function is assumed to coincide with that over a flat surface. Fig. 1.6 illustrates these
two approach. It can be shown that for the long-wavelength ripplons, which are relevant

(@) (b)
21 1

\
S(R) S(R)

Figure 1.6: The difference between the Bloch (a) and adiabatic (b) ap-
proaches. The blue curve represents the ground state probability density of a single
electron, while the black curve represents the uneven helium surface.

for the elastic one-ripplon scattering of SSE, both approaches give the same result
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for the matrix elements. However, the adiabatic approximation fails for the short-
wavelength ripplons, which are relevant for the inelastic two-ripplon emission processes.
In particular, the adiabatic approach gives a strong divergence of the corresponding
matrix elements. Contrarily, the Bloch treatment of the inelastic two-ripplon scattering
gives an excellent agreement with the experiment [2].

1.4.3 Scattering rate of an electron

At sufficiently low temperatures below 1 K, all electrons occupy the ground Rydberg
state (n = 1). In addition, the thermal excitation of ripplons with kg1 > A€}, is not
negligible. Since ripplons are bosonic particles, we obtain

1
exp(hQ,/kpT) — 1

ng = ~ kT /hd, > 1, (1.56)

where n, denotes the average occupation number of the ripplon state with the wave
number ¢q. We denote |N,) = [{n,}) the state of the thermally excited ripplon system.
Referring the ripplon Hamiltonian (1.35), we obtain

Z hYy(ng + Z A, (1.57)

Using the Fermi golden rule, the transition rate between the electron states |k')
and |k) of in-plane motion accompanied by a single ripplon emission/absorption (one-
ripplon scattering) takes the form

21
Wy 11 = E| (k,1, N, \Hmt k' 1, N)) \25(5k + EN, —ep — EN;), (1.58)

where g, = h?k?/2m represents the energy of electron in-plane motion and |Ey, —

Eni| = Sy is the energy of a ripplon with the wave vector q. Using Eq. (1.53), the
explicit form of the matrix element H'mt is given by

<k717N | 1nt|k/71’N/ ZQ 11 eq.r)k’k <NT|Biq+BQ|N4>
- ZQ;[Uq<Z>]11(eZq )k/k(\/ nq nq’" -1 + \% n— q 5 N—q,n +1 (159>
q

The ripplon creation and annihilation operators act as follows:
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The transition rate (1.58) is therefore given by

2m iar
Wik 11 =7 Z |Q;|2[Uq(2)ﬁ1[e 4 ]i’k[”q‘gnq,na—l + (n—q + 1)5n—q,n/_q+1]'
q

. 6(€k -+ Z thnq — &t — Z thn;)
:2% Z |@;’2[Uq(zﬂ%l[eiq.r]i’k[”qé(gk —ep) + (ng + 1)0(e — epr)]
2 .
=S QPO [ (2 + Do — ). (1.62)

Note that Q, = Q_,, nq = n_q = ng. Owing to the dispersion relation of the ripplons,
for ¢ >~ k, k" we have h{), < €, €. Thus, the emission/absorption of a ripplon hardly
changes the electron energy and the scattering of electron is elastic. For this reason,
the ripplon energy A€, in the é-function in Eq. (1.62) is usually neglected.

1.5 Mobility calculations for nondegenerate electrons
(Semi-classical treatment)

For now, we restrict ourselves to the dilute gas transport behaviors for which the
correlations between electrons are negligible. In this case we can use the single electron
Hamiltonian (1.36). The single-electron mobility can be theoretically evaluated using
the classical Boltzmann kinetic equation approach [16, 63, 66]. We start with a brief
introduction to the Boltzmann kinetic theory.

1.5.1 Overview of the Boltzmann kinetic theory

The main goal of the kinetic theory is calculation of the transport coefficients. The
equation of motion for each particle involved in the stochastic scattering processes is

described by

dv
mea = Fext + Fscatt (163>

where Fo is the external force exerted on the particles and Fye.¢ is the stochas-
tic scattering force accounting for the collisions between particles and scatterers. As
mentioned in Section 1.3.2, it is difficult to solve the equations of motion for a many-
electron system. Alternatively, it is convenient to consider the distribution function
of an electron ensemble. The distribution function f(r,p,t) accounts for the momen-
tum distribution of electrons in the phase space, while the scattering and the external
driving continuously transfer an electron from one k-state to another. Therefore, all
the transport properties can be evaluated if the distribution function is known. At
equilibrium, the distribution function is simply the Fermi-Dirac function. The time
evolution of the distribution is described by the Boltzmann transport equation (BTE)
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having the general form

df  [(of of of
ar - (a)m ! (E)di: (alm; (164)

where the "ext" term corresponds to the applied external force, the "dift" term repre-
sents the diffusion of particles, and "scatt" is the contribution due to the scattering.
Expanding d f/dt in terms of the partial derivative of r, p and ¢, one can get the explicit
form of BTE

df of _p

dt _E+Evf+Fextvpf (165)

The terms on the right hand side indicate, respectively, the explicit dependence of the
distribution function on time, space, and momentum. Here, we denote Fe = dp/dt
the external force applied to the system. In most of our experiments, the force is
provided by an electric field applied parallel to the surface, with Feyy = —eE;. In
addition, we assume that the electron system has a uniform density profile (Vf = 0),
that is there is no diffusion terms due to the density gradient. Therefore, Eq. (1.65)

reduces to
U g (Y

L Of
g, 1O n v 1.
ot~ I hok at>m’ it Vief (1.66)

ok

The relaxation time approrimation is widely used to evaluate the scattering term.
Let us take fy as the distribution function at equilibrium. In the relaxation time
approximation, we represent the scattering term as

<%) :fo_f:yk-(fg—f), (1.67)

ot Tk

where, fy is the Fermi distribution and v, = 1/7; is the momentum relaxation rate,
which in general can depend on the momentum of electron hk. We assume that the
deviation of the distribution function 6f = f — fy is due to the external field. The
significance of the momentum relaxation time 7, can be understood if the electric
field is switched off instantaneously. Then, the scattering term will bring the out-
of-equilibrium system back to the equilibrium state with the distribution function fy
during a characteristic time 7. Using the above expression, the BTE (1.66) can be

written as
of 10f
ot h ok
Exact solutions of this equation have been proven to exist in many cases, depending
on the expressions for v;. Nevertheless, numerical methods are generally used to find
an approximate solution. In the following section, we will derive an explicit expression

for the v, for the electron-on-helium system.

For a slowly varying external field, which gives the rate of change much smaller

than the relaxation rate vy, we can use the steady-state condition, %—{ ~ (. In addition,

for the state close to the equilibrium we have % ~ %, with g = % Thus the BTE
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(1.68) can be simplified further
e dfy of
S = (v eEy)) T

€k 85k

Next, we proceed to the calculations of the momentum relaxation rate vg(eg).

1.5.2 Momentum relaxation rate of a single electron

In Section 1.4.3, we derived the in-plane transition rate wy from k’ to k state, assum-
ing that an electron occupies the ground Rydberg state and ignoring the transitions
to the higher Rydberg states. In the following, we will demonstrate how to obtain the
momentum relaxation rate v, for the state with the momentum Ak accounting for all
possible scattering events. The scattering term in the BTE can be written as

(57) = =medf = S0 - 09— 0911 = F0)unac), (170
sca kl

where [1 — f(k)] represents the probability that the state k' is not occupied, owing
to the Pauli exclusion principle for fermions. In general, performing summation in
above expression is rather difficult. However, it can be simplified by considering some
special cases. One of the most commonly used assumption is the elastic scattering,
in which the energy of the electrons remains unchanged after the collision. Using the
fact that an elastic transition is reversible, that is wyy = wyy, Eq. (1.70) reduces to
—vp - 0f = 3w wi[f (k) — f(K)].

We could further evaluate the above expression by finding the expression of the
non-equilibrium distribution function f. In the presence of a driving field E,/, the
electrons acquire an additional drift velocity vq.ir. The total velocity of an electron
is given by vt = V + Vaur, where v = % is the thermal velocity, which typically
satisfies |[v| > |vaie|- Thus, the total kinetic energy is m.v2,/2 ~ e + hk - vy and
the distribution function f can be written as

1 3f0
- ~ fo— hk - V=22
J(e) oxpl(er — Ik - Vasit — 110) /kT] + 1 Jo Vit

(1.71)

Plugging this into Eq. (1.70) we obtain vy = — Y wige (K — k) - k/k* = >, wige (1 —
cos i), where @ is the angle between k" and k. The weighting factor (1—-cos ¢) indicates
that the large-angle scattering events are more important in determining the transport
properties. Using the explicit expression of wyy given by (1.62), we obtain

Z Z | *[U. (kk#(znq + 1)0 kg0 (e — )
Z Q4P [Ug(2)1F1 (k- @) (214 + 1)d(ex — excq)- (1.72)

Note that the angle 6 between k and q is related to ¢ by 6 = ¢ /2 + /2, see Fig. 1.7.
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k’ a

Figure 1.7: Schematics of the wave vectors in a scattering process.

Thus, we have cosf = sin(¢/2). Replacing the summation by the integration over
n%q?

€q = 2qu and using |q| ~ 2|k|sin(yp/2), we obtain
me  [*" A%
= o [ del = o (2n, +1 1.73
vi(er) 27rh3/0 o( cos<p)2quq( ng+ 1), (1.73)
where we used @ = ﬁ and replaced the coupling term (U, )11 by V,, with
1 Ki(qz)
Vo= (UU,(2) 1) = Ag” - B, 1.74
L e IR w

The presence of the external field £, in the coupling term plays a vital role in explain-
ing the holding field dependence of the measured mobility of SSE. In particular, for
sufficiently strong holding fields we simply have V, ~ eE,. Plugging n, ~ ];iBT,(Z; > 1
into (1.73) and using (1 — cos ¢) = ¢*/2k?*, we obtain

ksT [, mkgT(eE,)?
~ dp = ———~"= 1.
Vk<€k) 8ﬁoz5k/0 Vq ’ 4h(1/6]€ ( 75)

1.5.3 Averaging over all electrons

We have so far assumed that the electron is in a well-defined state k. In a realistic
system, the measurable quantities, such as the current density, are the cumulative
behavior of all electrons. Thus it is important to address the appropriate averaging
procedure over all possible states. In particular, the current density can be found
as j = engy , vf(k) = eng) , vof, where v is the velocity of electrons. Using the
definition of electron conductivity o = j/E| and v - hk = 2¢;, we have

B e’ng ofo 1 e2ng dfo 1
o= ;(v : hk)a—gk—yk<€k) = gzaka—gk—%(gk), (1.76)

Replacing >, by the integration over x = ¢;/kgT’, we obtain the conductivity and
mean scattering rate v as

2 1 o] o
o= M ith L= / rexp(—a) ) (177)
mel v o vk(kpTz)

Here we explicitly used the Boltzmann distribution fo ~ exp(—ey/kgT’) of SSE. The
averaged relaxation time and mobility is therefore given by 7 = 1/v and u = e/m.v,
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respectively. For sufficiently strong holding field, V, >~ eE; we obtain a simple result

_(eEL)? e 8ah
YT T8ah 'u_me(eEL)?‘

(1.78)

The electron mobility is independent of temperature because the average number of
ripplons decreases linearly with the temperature, with n, ~ %, whereas the momen-
tum relaxation rate vy o 1/gy increases with decreasing T' due to (ex) o< kgT. These
two terms compensate each other [11].

In the opposite limit of weak holding fields, £, — 0, the polarization term in
Eq.(1.74) dominates. In this case, we need to evaluate the integral in (1.77) numerically.
The result is shown by the dashed line (ug) in Fig. 1.8.
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Figure 1.8: Mobility of electrons along the “He surface. up and pg denotes
the mobility due to the ripplon scattering and vapor-atom scattering, respectively. The
total mobility satisfy 1/t = 1/pur + 1/pg. The figure is taken from [14].

If more than one scattering processes are participating in transport, the following
approximate rule (Mathiesen’s rule) may be used to combine their effects

:Z% 1:Zi, (1.79)

Htot

1

Ttot

where the sum is over all different scattering processes. As the temperature increases,
the collision between electrons and helium vapor atoms becomes appreciable due to
the increasing of vapor density. The scattering rate by vapor atoms is given by [10]

_ 3mngAh 2ery

ve = e 3rng AR’

1.
2m.y ( 80)

where A = 4.98 x 107 '%cm? is the cross section of helium atom, ~ is the variational
ansatz given by Eq. (1.7) and ng = (MkpT/21h?)*/? exp(—Q/kpT) is the vapor den-
sity, with M being the mass of helium atom and ¢ = 7.17 K being the vaporization
energy. The temperature dependence is shown by the dotted line (ug) in Fig. 1.8.
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1.6 Mobility of the electron solid

The mobility of SSE is strongly modified when they crystallize into solid phase. This
is due to the strongly enhanced coupling of WS to the liquid surface. In this section,
we discuss the nonlinear mobility of WS in the framework of the Bragg-Cherenkov
(BC) scattering effect. It is a generalized version of the conventional single particle
Cherenkov-type emission of ripplons extended to an ordered many-particle system.
This approach was first introduced by Dykman and Rubo [65]|. The Cherenkov emission
is the electromagnetic radiation emitted by a dielectric medium when a charged particle,
such as an electron, travels through the medium with speed which exceeds the phase
velocity of light in that medium. When electrons crystallize, the WS exerts pressure
on the helium surface and creates a commensurate surface dimple lattice (DL), with
lattice constant a oc y/n, coinciding with the lattice constant of the WS. Compared to
the conventional single electron Cherenkov-type emission, in the presence of a lattice
structure the surface waves irradiated by moving electrons can constructively interfere,
giving a substantial increase in the depth of DL. The Bragg-Cherenkov scattering is
just the result of this interference, where the strong enhancement of the effective mass
of the coupled DL-WS system slows down its transport under a fixed driving force.
Accordingly, the maximum velocity of the coupled system is limited by the phase

max

velocity of ripplons with the first reciprocal lattice vector G; = 2w /a, that is Vph =
Va/p(2r/a)t/?. For the hexagonal lattice structure, we have a = (2/4/3n2)Y/2, thus
the maximum velocity is related to the electron density by vyax = /a/p(87%n,/v/3)1/4.
Another interpretation to this phenomenon is based on the competition between the
friction (restoring) force F e and the external driving force Foy acting on each particle.
This force balance analysis is very convenient to describe the dynamic processes. The
average friction force per electron can be evaluated as F, = n;l(VrﬁmQ, where
Hiny = 3 QuUy(2) pq(lA)T_q +bq) is the Hamiltonian of interaction between ripplons and
WS, with py = >~ 9™ being the electron density operator. The quantum-mechanical
treatment of this friction force was given by Dykman and Rubo [68], who derived an
expression

Q. 1-a(@)
F.s = hQ ZG—“/G’ f( )’m , with (1.81)
Vy = q!Uq!neXp(—A?qQ/éL) and (1.82)
¢(G) = 2sin[ra(G) /21 — a(G)]. (1.83)

Here, Q,,, = min(Qp, kgT/h), Qp is the Debye frequency of WS, \? is the mean square
electron displacement from the lattice site for zero temperature, and a(G) = %
accounts for the temperature dependency of the frictional force, with ¢; the transverse
sound velocity of the WS, see Eq. (1.25). Clearly, for very small drift velocities such
that G - v < Q(G), the above equation provides a small friction force and the WS is
weakly coupled to the surface dimples. The schematic drawing of the weakly coupled
WS-DL system is given by Fig. 1.9(a). As the drift velocity increases, the frictional
force rises rapidly due to the decrease of the denominator in (1.81). When the system
approaches the resonance condition G - v = Q(G), with a critical velocity v, = vVpax =
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Va/p(8mng/v/3)/4, the friction force diverges. Accordingly, the dimple lattice is
deepened and the velocity of the coupled system is locked at the terminal velocity v,
with a zero differential mobility dv/dFu = 0. This schematics is shown in Fig. 1.9(b).
In practice, the friction force can not be infinitely large. It always has a maximum
threshold value F'2 | although it is difficult to define the microscopic mechanism of this
threshold which depends on many experimental parameters. The decoupling of WS
from DL will happen when the external force exceeds the threshold force Foy > F™

leading to a sudden increase of the electron velocity. This process is schematically
shown in Fig. 1.9(c) and is refereed to as the sliding of the WS from DL.

(a) Foy. (b) - (c) F

Keep .
Increase Fey @ o

.Z. . . . . |:> & /’
y‘\I/'x V< V= e

Figure 1.9: The dynamical regimes of the WS for different external driving
field. (a) The WS is weakly coupled to the DL and v < wv.. (b) Strongly coupled
WS-DL system with v = v.. The deepening of DL corresponds to the rapid increase of
the frictional force. (¢) The WS is decoupled from the DL with v > v..
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This approach to the electron mobility of WS has been experimentally tested by
several groups [10, 12, 69]. In Section 3.3, we review the experimental results of the
measured electron conductivity of SSE in a microchannel device. In particular, we will
show a novel transport behavior in the nonequilibrium sliding regime.

1.7 Transition linewidth of the excited Rydberg states

In Section 1.4.3, we derived the in-plane transition rate wysy 1; assuming that electron
occupies the ground Rydberg state. As was shown, this is relevant for calculating the
electron mobility. Another important property relevant for our experiments and caused
by scattering of electrons is the life-time and dephasing of the excited Rydberg states.
As was discussed in Section 1.2, an electron can be excited to higher-energy Rydberg
states by resonant radiation. The decoherence of the n-th excited state is usually
characterized by the transition linewidth I'y,,. Following Ando’s treatment [05], the
ripplon-limited transition linewidth can be calculated including both the intra-subband
and inter-subband scattering of an electron from ripplons, that is I'y,, = ['uga + Dinter
according to

™ ~ ~
L =3 2 (1l B 1) = (b 1] B [ 1) ) 65— 2i0)+

+ 2% > (1 ol i [ m) |2>q5(8k — e + B, (1.84)

m#n k’
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where E,,, is the energy separation between m-th and n-th Rydberg states and (- - - )q
represents the g-summation and the thermal averaging over ripplon systems. In par-
ticular, we have (£4€_q)q = > Q%Q (2ng+1) =3, %. The term Ty describes the
in-plane elastic scattering of an electron which leads to the dephasing of a superposi-
tion state. For sufficiently strong holding fields, the polarization term in the interacting
Hamiltonian is negligible, that is (k, n| Huy [k, n) ~ (k, 1| Hy [k, 1), and iy nearly
vanishes. The second term @'y, describes the relaxation rate of the n-th Rydberg
state due to scattering into Rydberg states with m # n. Comparing this with the
nuclear magnetic resonance (NMR) system, Iy, corresponds to the NMR dephasing
rate (1/75), while iyter corresponds to the NMR relaxation rate (1/77).

In practice, the relaxation rate can be extracted from the spectroscopic measure-
ments. As discussed above, the major contribution to the transition linewidth comes
form the relaxation. Using spectroscopic notations, the relaxation time 7} is related
to the intrinsic spectra linewidth by v = T, '. The spectroscopic measurements by
Collins et.al. covered both vapor scattering and ripplon scattering regimes and showed
a clear difference between these two regimes. At temperatures below 1 K, the ripplon
scattering dominates and the spectral linewidth was measured to be on the order of 1
MHz, see Fig. 1.10. As will be shown later, in our experiments the measured linewidth
is orders of magnitude larger, which is due to the inhomogeneous broadening of the
transition linewidth in a nonuniform holding electric field E .
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Figure 1.10: The intrinsic linewidth of SSE on “He. The closed squares and
the crossed squares show the linewidth obtained experimentally in [70] and the open
circles are the data obtained from [36]. The solid line is obtained from Ando’s theory
[65]. The figure is taken from [70].

1.8 Brief overview of qubit proposals

In this chapter, we briefly reviewed the fundamental properties of the electrons on
helium system. It was shown that many properties of this system have been explored
experimentally and theoretically, and by now are well-understood. In particular, the
weak interaction between SSE and environment results in a relatively long decoherence
time of electron motional states, which makes electrons on helium a promising can-
didate for quantum computing. In this section, we briefly discuss the proposals and
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achievements towards quantum information processing using the electron-on-helium
system.

1.8.1 Charge qubits with electrons on liquid helium

The potential for quantum computing with electrons on helium has been pointed out
by Platzman and Dykman [!], who proposed using the two lowest Rydberg states of
a trapped electron on liquid helium as a qubit. As discussed in the previous section,
the intrinsic linewidth of the resonant absorption line is in the order of 1 MHz, which
promises a relatively long relaxation time on the order of 1 us. However, the manipu-
lation of qubit states requires an input MW radiation with the frequency in the range
of hundreds of GHz, which makes it inconvenient to integrate the input MW radiation
with the conventional coaxial transmission lines and the on-chip stripline technology. In
addition, the lack of sensitive readout mechanism for the Rydberg states also prevented
to have much progress in this direction so far.
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Figure 1.11: On-chip circuit QED implementation with a single electron
trap (a) Optical micrograph, (b) schematic of the device and (c) false-colored SEM
picture. (d) Schematic cross-sectional view of the electron trap with MW field distri-
bution. The figure is taken from [7].

Another promising proposal is to use the lateral quantized states of the electron
motion parallel to the helium surface as qubit states [5, 7|. These lateral states can
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be robustly controlled using the well-developed circuit quantum electrodynamics archi-
tecture. The circuit quantum electrodynamics (circuit QED) studies the light-matter
interaction using microwave photons, which can be regarded as an all-electrical realiza-
tion of cavity QED in the microwave regime. In this platform, the single electron trap
is integrated to an on-chip transmission line structure. The lateral motional state of
a trapped electron can be engineered to have transition frequency of a few GHz, thus
can interact with the MW photons of the transmission line resonators. Such a hybrid
system has significant advantage because many parameters, such as photon lifetime,
transition frequency and electron-photon coupling strengths, can be fully controlled
using conventional nanofabrication and telecommunication techniques.

The coupling between a single electron on superfluid helium and a transmission
line resonator has been first demonstrated by Koolstra et al. [7], with the measured
coupling strength about 4.8 MHz. A similar experiment has been done recently with
SSE on the surface of solid neon by Zhou et al. 6], who reported the lifetime of the
excited lateral states and the decoherence time to be T3 = 15us and Ty 2 200 ns,
respectively. The circuit QED setup for these two experiments is shown in Fig. 1.11,
where the electron is trapped in the green shaded trap and coupled to the MW photon
provided by the superconducting quarter wave resonator (red shaded area).

1.8.2 Spin qubits

In addition to the motional degrees of freedom, the electron carries a spin degree of
freedom. Spin coherence is generally limited by the interaction with nuclear spins in the
substrate material. Since the total nuclear spin of the “He atom is zero, the decoherence
rate of SSE on liquid *He is many orders of magnitude smaller than in most traditional
semiconductor 2DEG systems and is expected to exceed seconds [5]. The first proposal
for spin-based qubits using electrons on helium was given by Lyon [3]. In this work,
it was proposed to readout the individual electron spins by comparing the unknown
spin with a known one, as was demonstrated in a double quantum well [71]. When
two electrons are confined in a small volume, their wave function can overlap, and
the exchange interaction leads to a singlet-triplet splitting, which allows a complete
spin measurement. However, owing to the strong Coulomb repulsion between SSE on
liquid helium, the average distance between electrons is too large to have the exchange
interaction between them. Therefore, the above method is not applicable.

In addition to the readout, a charge-coupled device (CCD) configuration was also
proposed in Ref. [3] to accomplish fast transport of electrons between the interaction
and storage regions. As shown schematically in Fig. 1.12, the light and dark gray areas
are the pixel gates that are arranged like those of a conventional three-phase CCD, and
electrons can be rapidly transferred between these gates. The black horizontal lines
are negatively biased to avoid cross-talk between horizontal channels. It is clear that a
highly parallel and scalable architecture for a many-qubit system is possible with this
configuration.
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Figure 1.12: A schematic diagram of a possible gate electrode arrangement for a
quantum computer. The light and dark gray regions are conducting gates held at
different potentials arranged as a three phase CCD, as described in the text. The
figure is taken from [3].

Spin-orbit coupling

In addition to the direct singlet-triplet splitting proposed by Lyon, the spin state
readout can also be mediated by the orbital states. Schuster et al. suggested that
the coupling between spin states and orbital states allows manipulation and readout
of the individual spins [5]. As shown in Fig. 1.13(b), a spin-quantization axis is es-
tablished using a magnetic field along the x-axis. In the presence of a nonuniform
magnetic field B,, the in-plane motional state is coupled to the spin state by a mag-
netic field gradient along z-axis (0B,/0x), and the coupling Hamiltonian is given by
H, = —2ups,x0B,/0x, where up represents the Bohr magneton. This spin-orbit in-
teraction can significantly enhance the coupling between the MW photons and spins,
whereas the bare coupling of MW photons to the electron spin is very weak.
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Figure 1.13: Circuit QED architecture with single electron trap for spin
qubit (a) The top view of the transmission line resonator (blue areas) and the single
electron trap (purple area). (b) Cross-sectional view of the electron trap with energy
levels and wave functions of electron motional states. The figure is taken from [5].

Similarly, the spin state can also be coupled to the Rydberg states in a controllable
way with the help of a magnetic field gradient along the vertical direction (0B,/0z)
[1]. As shown in Fig. 1.14, the transition of spin-up state from |n = 1,1) to |n = 2,1)
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can be excited by microwaves with frequency w,, meanwhile the transition of spin-
down state from |n = 1,]) to |n = 2, ) corresponding to a different frequency w_. The
separation of the Rydberg transition frequency between two spin states is proportional
to the field gradient, with w_ —w, = 2up[B.(22) — B.(21)]/h ~ Q“TB%(ZQ —21). Thus,
detection of the excitation of the Rydberg state allows us to detect the spin state.
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Figure 1.14: Energy spectrum of the spin-orbit coupled states of electrons bound to
the surface of liquid helium.

In order to distinguish the spin state, the difference in Zeeman splitting must be
larger than the transition linewidth (see Section 1.7). Thus, the magnetic field gradient
must be sufficiently strong. Fig. 1.15 shows the distribution of the stray magnetic field
across an electron trap calculated using COMSOL Multiphysics. Here, the central
cylinder represents a 400-nm-long Cobalt micromagnet with radius » = 50 nm, which
provides a stray magnetic field with the vertical component B, and radial component
B,. Owing to the axial symmetry, we have |B,| = |B,| = B,. The electrodes (blue
shaded area) on both side of the micro-magnet provide the in-plane potential ¢(z) for
electron confinement. The average positions of the ground state and the first excited
Rydberg state are indicated by red dots. Typically, the gradient of the magnetic field
near the helium surface is 0B,/0z ~ —0.43T/um and distance between the ground
state and first excited Rydberg state is Az =~ 35 nm. This provides the separation
of the Rydberg transition frequency between spin-up and spin-down states around
(w_ — wy) /27 = 300 MHz, which is significantly larger than the intrinsic linewidth of
the Rydberg states at low temperatures, see Fig. 1.10. These coupled spin-orbit states
represent a potentially new way for probing the spin degree of freedom of electrons on
liquid helium.

In summary, we have discussed various proposals for quantum information pro-
cessing using both motional states and spin states of electrons bound to the surface of
liquid helium. This PhD project is motivated by the possibility to realize the spin-orbit
coupling between the spin states of SSE and their Rydberg states. Starting from the
next chapter, we discuss the realization of Rydberg state detection of SSE confined in
a microchannel device, which might provide useful platform for such realization.
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Figure 1.15: COMSOL simulation of the magnetic field distribution in a
single electron trap. Left panel: Annotated cross-sectional view of a single electron
trap with magnetic field distribution. Right panel: Zoomed-in images with the contour
plots of the magnetic field distribution around the micromagnet, B, (left) and B,
(right) components are shown. The average positions of the ground and first excited
Rydberg states are denoted by red dots.



Chapter 2

Experimental methods

The implementation of electrons-on-helium experiments requires a careful design of
the experimental setup. This chapter will describe the devices employed in our ex-
periments, followed by an analysis of the electric field distribution in the devices and
the resulting density distribution of electrons. This will be of a great importance for
understanding the results of the transport measurements and Rydberg states detection
presented in later chapters. In addition to the device geometry, the properties of the
liquid helium substrate are also essential for operation of the devices. Therefore, we
will discuss the properties of superfluid helium film and its effect on the electric field
and electron density distribution in our devices.

This chapter is organized as follows: In Section 2.1, we introduce a capacitively
coupled setup known as the Sommer-Tanner method. We discuss the underlying
physics and the lumped circuit model for this method. In Section 2.2, we discuss
two basic geometries of our experimental devices. Additionally, a basic procedure of
the fabrication of the microchannel devices is presented. Analytical estimations of the
density profile of SSE and holding electric field are given using a parallel-plate capacitor
approximation which assumes a flat helium surface. This is followed by Section 2.3,
where we discuss the properties of superfluid helium film. Finally, Section 2.4 provides
description of the electrostatic simulations of the experimental device using the finite-
element method (FEM), and taking into account the properties of superfluid helium
substrate.

2.1 The Sommer-Tanner (ST) methods

The Sommer-Tanner detection method has been wildly used for measuring the trans-
port properties of electrons on liquid helium system since the early 1970s. This method
was developed by W. Sommer and D. Tanner for the first electron mobility measure-
ments [22]. The basic parallel configuration is shown schematically in Fig. 2.1. This
method is based on the phase-sensitive detection of SSE capacitively coupled to the
electrodes submerged under the liquid helium surface. Usually, the ST electrodes are
surrounded by a guard ring electrode biased at ground or negative potential relative to
other electrodes, which helps to confine the electrons in the measurement region. One
of the ST electrodes (drive) is driven by an AC voltage with the amplitude of a few mV

35
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and frequency in the audio-frequency range (1-100 kHz). This leads to redistribution
of SSE and creates a transport current. This current [ is measured in a contactless
way by detecting image current induced in the second ST electrode (sense) using a
standard lock-in amplifier.

R
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Figure 2.1: The Sommer-Tanner configuration. (a) SSE (green dots)
capacitively-coupled to drive and sense electrodes modeled as a combination of two
capacitors and a resistor connected in series. The capacitance is purely geometric and
the resistor models the finite mobility of SSE, as described in the text. (b) The equiv-
alent lumped element circuit of the setup in (a).

The equivalent lumped circuit model of this ST method is shown in Fig. 2.1(b).
The capacitance C' represents the coupling between SSE and ST electrodes, while
the charged surface resistance R mostly comes from the finite mobility of the SSE.
According to this lumped circuit model, the total series impedance is given by Z =
R+ ]LULC The response current I can be written as

Va _ Vi _ RwC?V L+ 2wCVy
Z " R+2/jwC 4+ Rw2C? T4t RRorC?

I = (2.1)

where the first term corresponds to the in-phase component I, of current with respect
to the driving voltage V4 and the second term is the quadrature component I,. In
the limit of a perfect conductor, with R = 0, the coupling between two ST electrodes
is purely capacitive and the current has a 90° phase delay relative to V. For finite
resistance, the phase shift between I and Vy is given by tany = I,/I, = 2/wRC.
Accordingly, we obtain a semi-circle trajectory on the complex I, vs. I, plane by
varying the resistance R form zero to infinity, see Fig. 2.2. The solid lines are obtained
by varying R at different fixed values of C' = 0.4, 1 and 1.6 pF, respectively.

Eq. (2.1) provides the simplest version of the lumped circuit model. In practice,
this model can be modified depending on the device geometry. In Section 3.2.1, we
will revise this circuit model to take into account the geometry of our microchannel
devices.

2.2 Device geometry and electrostatics

This section discusses two conventional setups to study the transport properties, as well
as the Rydberg state transitions, namely, (1) the Corbino disk and (2) the microchannel
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Figure 2.2: The trajectories of / in the complex plane. Here, we fixed Vg =
10mV and w/2r = 20kHz. Color lines: Varying R form zero to infinity, with C' =
0.4pF, 1 pF and 1.6 pF.

device. It is instructive to describe the Corbino setup first because this geometry
represents a simple parallel-plate capacitor.

2.2.1 Corbino disk device

The traditional Corbino disk device is formed by a set of concentric electrodes sub-
merged under the liquid helium, see Fig. 2.3, which are used for the ST measurements.
In practice, we apply driving voltage on the central electrode and detect the radial
current of SSE at the outer ring, while the outermost electrode is negatively biased as
a guard ring. This geometry has some advantages for the conductivity measurements
in the presence of magnetic field applied perpendicular to the helium surface. In the
conventional rectangular (Hall bar) geometry, the Hall effect produces a transverse
electric field. While in the Corbino disk device, owing to the axial symmetry of a
circular geometry, the transverse field is zero and the driving electric field has only
the radial component F,, which relates to the measured radial current density j,., with
Jr = 04 F,, where o,, is the diagonal conductivity.

For the purpose of the Rydberg states detection, another set of electrodes with the
same configuration is placed symmetrically on the top forming a parallel-plate capacitor
with the bottom structure, see Fig. 2.3. The liquid level is placed between the top and
bottom electrodes approximately parallel to the capacitor plates. The separation D
between the top and bottom plates is chosen no less than 2 mm in order to avoid the
capillary filling of the whole space between the plates by the liquid helium.

In what follows, we will ignore the distortion of the electric field near the capacitor
edges and define Fy, = E| + |E®°| and Ey = E| — |E*°| to be the electric field below
and above the liquid surface, respectively. Here F| is the electric field exerted on SSE
and |E%¢| = 2meny is the electric field due to SSE. The voltages applied to the plates
and the electric field between the plates are related by Vi, — V; = End + Ey(D — d),
where d is the depth of the liquid helium, see Fig. 2.3. The holding electric field £
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Figure 2.3: A schematic drawing of the Corbino disk device. The top and
bottom electrodes are separated by a distance D, while d is the liquid level above the
bottom plate. E}, and FE; represent the electric field below and above the charged layer,
respectively.

exerted on the SSE is therefore given by
B+ B W D —2d

5 i + QWensT
Thus, the holding electric field F is the sum of the external field E$* = (W4, — V;)/D
due to the applied voltages and the field E™* = 271en (1 — 2d/D) due to the image
charges induced on both capacitor plates by SSE. Note that when the parallel-plate
capacitor is half-filled with helium (d = D/2), the amount of image changes induced
in the top and bottom plates are equal, thus F'™ = (. In this case, the holding
field becomes independent of the electron density and is completely determined by the
applied voltages, that is £, = (W}, — V;)/D. This is very convenient when performing
experiments to observe the transition between the Rydberg states of SSE. In such
experiments, the microwave frequency is usually fixed, while the transition frequency
of the Rydberg states is tuned in resonance by using the Stark shift of the Rydberg
levels. Thus, in a half-filled setup the Stark shift is determined only by the applied
voltages and independents of the electron density.

E

(2.2)

2.2.2 Microchannel device

The microchannel device offers a very high level of control of SSE, in particular their
density and in-plane transport properties. The fabrication of such devices is compatible
with modern lithography technologies and considerable efforts were made in developing
such structured channel devices [3—10, 12, 69, 72-75].

The optical microscope and the scanning electron microscope (SEM) images of the
microchannel device employed in most of our experiments are shown in Fig. 2.4. Our
typical device consists of two identical arrays of 20-um wide and 700-um long mi-
crochannels connected in parallel, which serve as the left and right electron reservoirs
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(a) Top electrodes

Bottom electrodes

Figure 2.4: (a) Schematic drawing of the microchannel device used in our exper-
iments. By applying proper biasing voltages to the top and bottom electrodes, the
electrons are confined in a set of 4 um-deep parallel troughs. (b) The annotated optical
microscope and SEM images (inset) of the microchannel device. In the SEM image on
the right, the top electrodes are shaded in the same dark orange color as they were in
the optical microscope image, while the bottom electrode is kept in gray scale.

(LR and RR, respectively). The two reservoirs are connected by a single 20-um wide
and 100-pm long central channel. The whole structure is composed of two thin pat-
terned gold layers separated by an insulating layer of hard-baked photoresist with a
thickness of d = 4 um, which defines the depth of the microchannels. The bottom gold
layer (light orange in the optical microscope image) consists of three electrodes which
define the bottoms of the two reservoirs and the central channel. These electrodes are
separated by 1 um wide gaps, as can be seen in the inset of Fig. 2.4 which shows the
SEM image of a magnified portion at the central channel adjacent to the left reservoir.
The corresponding electrical potentials applied to the bottom electrodes are denoted
as Vir, Ver and Vi,. The top gold layer (dark orange in the optical microscope image)
consists of two electrodes, the split-gate and guard electrodes. The split-gate electrode
is aligned along the sides of the central channel. Together with the bottom electrode
of the central channel it serves to control the density of SSE in the central channel by
adjusting the electrostatic potential at the surface of liquid in the channel. Similarly,
the guard electrode is aligned along the microchannels of each reservoir and serves
to confine electrons inside the microchannels. The corresponding electrical potentials
applied to the electrodes of the top gold layer are denoted as Vg, and Vi,.

Charging of device with electrons

The fabricated device is mounted on a printed circuit board (PCB) placed inside a
leak-tight copper cell (see Fig. 2.5) and then cooled down to 150 mK at the mixing
chamber of a dilution refrigerator. Liquid helium-4 is condensed into the sample cell
and fills microchannels by the capillary action. After all channels are adequately filled
with liquid helium, we apply a positive bias voltage Vi r/rr > 0 to the bottom reservoir
electrodes, while the guard electrode is kept at the potential of the grounded sample
cell, that is Vg, = 0.

Free electrons are produced inside the cell by the thermal emission from a tungsten
filament and charge the surface of liquid filling the microchannels. Here, we can apply
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Figure 2.5: (a) Side view of the sample cell, with the dimensions of each components.
(b) Top view of the microchannel device mounted on the PCB. (¢) Schematic drawing
of the sample cell.

the same analysis as for the parallel-plate capacitor model shown in Section 2.2.1.
For notation consistency, we will keep V}, and V; notations for the bottom reservoir
Vir/rr and top guard Vj,, respectively. One naturally expects that the SSE attain the
maximum density n%** when the potential of charged surface V, equals to that of the
top electrodes, that is V, = V; = 0. The vertical electric field below and above the
helium surface is therefore given by Ey, = W,/d = 4wen®® and E; = 0, respectively. In
practice, the experimentally measured SSE potential V, always shows a positive offset
from zero, which reveals that the vertical component of the electric field above the
liquid surface is not fully screened by SSE and the effective width of the electron layer
Weg is always smaller than the channel width W, see Fig. 2.6. In addition, we note
that the potential of the charged surface V. can vary for different experiments even
though the electrode voltages are fixed.
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Figure 2.6: A schematic drawing of the microchannel device filled with SSE, as
described in the text.
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After the reservoirs are charged with SSE, the electrons can be introduced into the
central channel connecting the two reservoirs by varying the voltages applied to the
channel and gate electrodes. When the potential at the uncharged liquid surface in the
central channel equals to V., electrons start to fill the surface of liquid in the central
channel. We can find the relation between the uncharged surface potential V,, the top
gate voltage Vj, and the bottom channel voltage Vi, from a general capacitance model,
see Fig. 2.7(a). By the general definition, the capacitance of a conductor is equal to
C' = q/AV, there AV is the change of the electrical potential of the conductor when a
charge ¢ is brought to it from infinity. Thus, we have

Oga(‘/u - vaa) = +Qa and, Cch(vu - ‘/ch) = —q,

gh Ven + g—gvg = ¢1Ven + 2V (2.3)
Here, we define Cioy = Cop + Cya, €1 = Con/Cior and ca = Cga/Cior. Thus, we have
¢1 + co = 1. When the surface is charged by electrons with the total charge @ and the
SSE potential is fixed at V., by the definition of capacitance we have |Q| = eny,S =
Ciot (Vi — Ve), where S is the surface area of central channel (see Fig. 2.7(b)). Note
that the total number of positive image charges ¢’ and ¢” induced in the bottom and
top electrodes should be equal to the total charge of electrons, that is |¢' + ¢”| = |Q|.
If we assume that the Cg, is given by the parallel-plate capacitance model, that is
Cen = S/4md, it is straightforward to obtain the electron density in the center channel

SV, =

ns = m(cl‘/ch + caVga — Vo). (2.4)

Note that for V,, = V. = 0 this expression recovers the previously considered case of

sat
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the saturated electron density, ny =n

Figure 2.7: General capacitance model of the microchannel device without (a) and
with a charged layer (b), as described in the text.

In order to establish an approximate relationship between the pressing (holding)
electric field F, acting on SSE and the applied biasing voltages, we apply the simple
relation E,, = E| + |E®°| and assume a uniform electron density distribution, with
|E%¢| = 2men,. Similar to the parallel-plate capacitor setup considered in Section
2.2.1, we have £, = (Vg — V.)/d — 2men,. Using Eq. (2.4), we obtain an approximate
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analytical relation between E| and applied voltages

EL:VCh—E<1—i) 2y (2.5)

2d  d 2,) 2cid ¥

Note that the parallel-plate capacitance approximation used above does not allow us
to work out the actual distribution of the electrical potential and the electron density
across the channel. The electrical potential distribution below and above the helium
surface can be found numerically by the finite element modeling (FEM) using COMSOL
Multiphysics, see Section 2.4 for details.

2.3 Properties of superfluid helium film

The physics of superfluid helium is of great importance for understanding the system’s
stability and its electrostatic properties. Therefore, this section provides a brief review
of some relevant properties of the superfluid helium. Starting with a discussion of the
thin film dynamics, the profile of the helium film formed in the microchannels are dis-
cussed in Section 2.3.1. This is particularly important for the Rydberg states detection
presented in later chapters. In Section 2.3.2, the occurrence of the hydrodynamical
instabilities is discussed, as well as a number of methods which have been developed
to partially suppress this instability.

2.3.1 Film profile

It is well-known that the “He liquid undergoes a phase transition to the superfluid state
at the critical temperature Ty ~ 2.18 K. In our experiments, the bulk superfluid “He is
condensed into the cell and the liquid surface level is placed slightly below the surface
of PCB. Owing to its superfluity, the liquid climbs the pillars and covers the PCB
with a thin film due to the Van der Waals attraction between helium atoms and the
solid substrate, which balances the gravitational force. The coating film thickness hg
at height h above the bulk level can be estimated from an expression for the chemical
potential of the thin film gy [76]

Oy

— 2.6
" 26)

L = po + pgh —

where i is the chemical potential of the bulk helium, pgh is the gravitational energy
(p = 0.145g/cm? is the mass density of liquid helium), and the third term comes
from the van der Waals interaction, with a, being the van der Waals constant of the
substrate. In thermal equilibrium we have py = o, therefore the film thickness is
given by ho = (a,/pgh)*/?. For example, for a superfluid film on a silicon substrate at
h =10 mm we obtain hy = 30 nm [77].

In the case of superfluid helium filling the microchannels, the liquid depth does not
follow the above expression for k. Instead, the channels are filled by liquid owing to the
capillary force, provided that the capillary curvature radius is larger than channel width
W. In the absence of the SSE, the capillary radius R, is determined by surface tension
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and gravity, which is analogous to the rising of liquid in a capillary tube (Jurin’s law),
with R.(h) = a/pgh, where a = 0.378 erg/cm? is the surface tension of the superfluid
helium at the interface with vacuum. The schematic picture in the left panel of Fig. 2.8
shows the typical device geometry used in our experiments. Here, the depression of
liquid surface dy is the distance between the lowest point of the deformed surface
and the surface of the thin film above the guard (with the depth hg) and is given by
do = R. — \/R? — (W/2)2. The calculated capillary radius of curvature and the liquid

surface depression for this device geometry are given in the right panel of Fig. 2.8.
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Figure 2.8: Left panel: Profile of the helium film in the microchannel device for
uncharged surface of liquid. Right panel: Capillary radius of curvature R, as a function
of the bulk helium level relative to the device surface (blue line). R. diverges as the
bulk helium level fills up. Surface depression dy at the center of the channel versus
bulk helium level is given by the orange line.

For a surface of liquid charged with SSE at density ng, an additional term due to
the electrostatic force is introduced into the curvature radius, according to

(07

R.(h)= ———,
(h) pgh + engE |

(2.7)
where the second term in the denominator represents the pressure due to the charge
layer interacting with the holding filed £ . For simplicity, let us consider a uniform
saturated electron density n®* then F, = 2wen**. Typically in our experiments the
saturated electron density is the order of 10® cm? and the bulk liquid level A is up to a
few millimeters below PCB. The calculated radius of curvature R, as a function of h

for different electron densities n®** under the saturation condition is shown Fig. 2.9.

2.3.2 Hydrodynamical instability

In relation to our experiments, it is also instructive to discuss the stability of the
charged liquid helium surface in the limit of high densities of SSE [28, 39, 10, 77, 78].
The high density limit is interesting in relation to a possibility to reach the regime of
the degenerate 2DES on the surface of liquid helium, as was discussed in Section 1.3.1.
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Figure 2.9: Capillary radius of curvature R. as a function of the bulk helium level
relative to the device surface h for saturated electron densities nsa*
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Now, let us consider a charged liquid film having the thickness d which is much
greater than the inter-electron distance. In Section 1.4.1, we already discussed the
hydrodynamical properties of the liquid helium without SSE and the dynamics of
surface deformation £ given by the Euler equation (1.26). When the surface of liquid
helium is charged with SSE, there is an additional pressure 47n2e?V¢ added to the
liquid surface, arising from the mutual repulsion between electrons. Accordingly, the
Euler equation in the presence of SSE can be written as p&¥ = —pg€+aV2{—4mn2e’VE.
Similarly to Section 1.4.1, taking the time derivative of the Euler equation and replacing
the time derivative of & with 0®/0z, we obtain

0P 0*® 0P 0P
—— 4 pem 42V [ =— ) —aV? [ — ] =0 2.8
pgaz+p8t2+ ﬂnsev<az) aV <8z> , (2.8)
and using the same trial solution ® ~ e~™e% f(r), we obtain Q? = gq + aq¢®/p —
4rnie?q?.

The condition for the surface to be stable is given by Q2 > 0, which has to be valid
for any value of g. This is equivalent to the condition (27n2e?)? — pga < 0 which gives a
critical density n™* = (pga)'/*/(2me?)'/? = 2.25 x 10° cm~? for liquid *He below 1.4 K.
This expression is in good agreement with the experimental results on bulk helium [79].
Note that the predicted quantum melting and the formation of degenerate Fermi liquid
happens at the electron density ranging from 102 to 10'® ecm~2. Therefore, the regime
of degenerate Fermi liquid can not be reached with SSE on the bulk liquid helium.

The simplest way to enhance stability is to decrease the film thickness. For a
sufficiently thin film, there is a strong contribution from the van der Waals interaction
between the thin film and substrate. The corresponding pressure term is given by
(3av,/d*)€, which varies as the inverse fourth power of the film thickness. Thus the
conditions for a stable surface becomes (27n2e?)? — 3a,/d* < 0. This significantly
increases the stability of the charged film. However, the experimentally measured
maximum charge density was distinctly larger than the anticipated value [77]. This
is due to the additional pressure on the film, where the surface charge significantly
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modifies the film thickness according to hj = ho(1 + %)_1/ 3. Eventually, SSE
tunnel into the solid substrate through the helium thin films, which prevents to reach

the divergence regime.

Another method to suppress the instability is to utilize a fractionated geometry as
was suggested by William [30], for example, using a microchannel device. The channel
confinement introduces a low cutoff of the allowed wave vectors of the capillary waves
with a minimum value of ¢™» = 7/W. For a 10 pm-wide channel, the hydrodynamic
instability will occur at a critical electron density n, = 2.1 x 10'° cm~2, which is
significantly larger than the critical density on the bulk liquid. The advantage of this
method is that the electron mobility remains relatively high, while it is significantly
decreased for SSE on thin helium films due to the solid substrate roughness.

Finally, to achieve higher electron density, solid Hydrogen and solid Neon have also
been considered as a substrate for SSE. To achieve high electron density, the solid-
state substrates have been investigated by several groups and the electron density up
to 10?2 cm™2 had been reported [31-35].

2.4 Electrostatic simulations

In the previous section, we provided a simple estimation of the electron density using
the parallel-plate capacitance approximation, see Eq. (2.4). However, for the detection
of the Rydberg states of SSE in a microchannel device it is important to precisely
determine the holding electric field £, acting on SSE, as well as the electron density
distribution in the channel. This can be done by a numerical solution of the Poisson
equation using FEM. This section presents some results of such numerical solutions
obtained using the COMSOL multiphysics software.

Below, we present such solutions for two cases. The first case is that of a flat
surface of liquid in the channel, where we ignore the surface curvature due to the
surface tension. The second case extends the numerical solution to a curved surface.

2.4.1 Flat helium surface

If the bulk helium level is sufficiently high, corresponding to a large capillary radius, one
could use the flat surface approximation. We start from the electrical potential profile
across the microchannel device without a charged layer. A cross-sectional view of the
channel geometry is presented in Fig. 2.10(a). The black lines outline the channel edge
and the liquid level. The bottom electrode (bold orange lines) extends over the z-axis.
Two 10 pm-wide and 4 pm-high insulating channel walls (with the dielectric constant
¢, = 7.5) are placed symmetrically about = = 0, while the space between channel
walls is assumed to be filled with superfluid helium. The helium level coincides with
the channel height and the helium surface is assumed to be flat. Two top electrodes
(bold orange lines) are placed on top of the channel walls. The space above the helium
surface is vacuum.
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Figure 2.10: (a) Cross-sectional potential profile. The black lines outline the edges of
the device. The helium level is located at z = 4 um. Bold orange lines represents the
top and bottom electrodes. (b) Potential profile along the helium surface for different
bottom biasing voltage V;,, with V; set to 0. Assuming the lowest point of the potential
profile ¢(x = 0) is equal to V,, one gets ¢; ~ 0.75 and ¢; ~ 0.25 from equation
V. =aW + V.

Potential profile without SSE

First, we check the potential profile without electrons. We assume that the bottom
electrode is at the potential V4, > 0, while the top electrodes are grounded (V; = 0).
The potential of the top boundary of the computation box was set to be floating,
corresponding to a big distance between the device and top cell walls. The resulting
potential distribution across the device and along the helium surface is presented in
Fig. 2.10(a) and (b), respectively. It is clear that the applied voltages Vi and V;
provide a trapping potential for electrons at the surface. The trapping potential profile
strongly depends on the applied voltages and channel dimensions. According to the
potential profile ¢(z) one expects that the electron density ng is maximum at the
center of the channel (z = 0) and decreases towards the channel edges. As discussed in
Section 2.2.2; the potential of the uncharged liquid surface can be estimated using the
parallel-plate capacitor approximation by the weighted-average of the top and bottom
voltages V,, = 1V}, + oV;, where ¢; + ¢o = 1. In our numerical simulations, the
effective capacitive coupling between the SSE and the electrodes mainly comes from
the electrons located near the channel center. Estimating V,, as the value of ¢(x) at
x = 0 we can obtain ¢; ~ 0.75 and ¢y ~ 0.25. In chapter 3, we will compare these
values with our experimentally obtained values for ¢; and cs.

Potential profile in the presence of SSE

In the presence of a charged layer on the helium surface, the potential profile across
the device changes. A layer of free electrons forms an equipotential surface with a fixed
potential V, and an effective width W.g across the channel. The width of the charged
layer can be determined from the condition that the electric field along the charged
layer vanishes, that is 0¢/0x|w., = 0. The dependence of the effective channel width
Weg on the external bias V;, applied to the bottom electrode is shown in Fig. 2.11(a).
Fig. 2.11(b) presents the potential profile across the channel in the presence of a charged



2.4 Electrostatic simulations 47

19 ¢ (V)1 5
(a) '
18 10
\Ei; 17 E 1
= = Ve Charged layer Vi
;‘D 16 N S N |
——————— 0.5
15
14 [
0 0
0.5 ! 15 -20 -15 -10 -5 0 5 10 15 20

X (um)

Figure 2.11: (a) The effective width of a charged layer versus the voltage applied to
the bottom electrode V4, while V; is kept at 0 V. (b) Cross-sectional potential profile
with a charged layer (white line) at the SSE potentialV, = 0.2 V. The bias voltage at
top and bottom electrodes are V; = 0 V and V;, = 1.5 V, respectively. The width of the
charged layer W g = 18.6 um is found from the boundary condition d¢/dx

w.g = 0.

layer with effective width Weg = 18.6 um. The charged layer is represented by the
white line in Fig. 2.11(b). Here, the SSE potential of the charged layer V, is set to
be 0.2 V, which is one of the typical value we have in our experiments. In this case,
the electric filed above the helium surface is significantly screened by the SSE, that is
8¢/az|z>4um ~ O

The numerical solution for the electron density and holding field distribution is
obtained from the boundary condition for the vertical electric field at the charged
layer, according to

09 (x) 9¢(x)

o | -5, . = —4mweng(x) and (2.9)
1 (0¢(x) 9¢(x) _
2 ( 0z above i 0z below B EL (:E) ‘ (210)

The corresponding density profile and holding field distribution are shown in Fig. 2.12(a)
and (b), respectively. The dashed lines show the results of the analytical approach given
by Eq. (2.4) and (2.5).

2.4.2 Curved helium surface

This section investigates the effect of a curved helium surface on the results of our
numerical simulations. As before, we represent the charged layer on a curved surface
as an equipotential surface (at potential V,) described by the parametrized coordinates
(x,z) = (s,—Axz(s)), where the parameter s € [—Weg/2, Weg/2], 2 = dy — (R. —
 R? — s?), and d, is the level of depression introduced in Section 2.3.2. As before,
the width of the charged layer Weg is determined by the condition of zero electric field
tangential to the charged liquid surface. The boundary condition for the electric field



48 Experimental methods

20 1800
@ 1600} ©)
_15
g m £ 1400 —V,=05V
§ ool /7 N\ __y-ory
10 2 1000 V=1V
Z ~ )
s w800 —V, =12V
LI/ e AW eo0t — Vp=1.5V
m 400 ,,,,,,,,,,,,,,,,,,,
0
10 5 0 5 10 10 -5 0 5 10
X (pum) X (um)

Figure 2.12: Cross-sectional profile of electron density (a) and holding field (b) ob-
tained numerically assuming the flat helium surface for different values of V4,. In cal-
culations, we assume V, = 0.2 V and V; = 0 V. The dashed lines are the analytical
results obtained from Eq. (2.4) and (2.5).

perpendicular to the charged surface are now rewritten as

(Vﬁ¢($’ Z) |above
S (Vao(z, )

— Vao(z, 2 = —4meng(z,z) and (2.11)

) |below)

+ Vao(zx, 2 =F (z,2), (2.12)

eton)

above

where 77 is normal to the surface. The results of the calculations using COMSOL for
the electron density (a) and holding field (b) for a curved surface with R. = 100 pum are
shown in Fig. 2.13. Comparison with the results shown in Fig. 2.12 for a flat surface
shows that, both ny and E, are somewhat larger for a curved surface. This is because
the helium level in the channel is depressed, which brings SSE closer to the bottom
electrode. The smaller distance from the bottom electrode also modifies the potential
profile provided by the electrodes, which in turn changes the effective channel width.
Fig. 2.13(c) compares the effective width of charged layer for curved and flat surface
profiles under different biasing. In addition, the calculated n, and E, for different
values of R, are shown in Fig. 2.13(d) and (e). As expected, the density and holding
field increases with decreasing R..

A direct comparison of the numerical results for n, and F, with the experiment
is complicated by the fact that the radius of curvature R. of the liquid surface is
expected to be different for different values of V4. Indeed, according to Eq. (2.7) the
radius of curvature depends both on the bulk helium level with respect to the device
(see Fig. 2.9) and the pressing field. Therefore, in a typical experiment where the
liquid level is usually fixed, the radius of curvature will vary for different V3. To find
the variation of R. with V4, from our numerical calculations by taking into account
Eq. (2.7), we performed the following procedure.

First, we assume a certain value of R, for a particular value of V}, and calculate the
bulk helium level 2(®) from Eq. (2.7). Here, we take the values of n, and E, at the
center of the channel (x = 0) from our numerical calculations, see Fig. 2.13(a, b). With
a fixed value of h = h(®) and using Eq. (2.7) we can recalculate the radius of curvature
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Figure 2.13: Cross-sectional profile of electron density (a) and holding field (b) for
the curved helium surface, with R, = 100 um and different values of V;,. The other
conditions are the same for Fig. 2.12. The dashed lines are the results obtained from
the analytical approximation as was described for Fig. 2.12. (c) Effective width versus
Vp under different R, for a flat surface (solid line with open circles) and curved surface
with R. = 100 um (dashed line with open circles). (d,e) The holding field (d) and
electron density (e) versus the capillary radius curvature R, for different values of V4.

R! as a function of ng, £/, and therefore R., using the calculated dependence ny(R,)
and F,(R.) for each given value of V;, see Fig. 2.13(d, e). The result is shown in
Fig. 2.14. Intersection of this graph with R, = R, (black line) gives the curvature
radius for a fixed value of h = h(?.

As an example, Table 2.1 shows the calculated values of R., ny(z = 0) and F, (x =
0) for several values of V}, used in the calculations presented in Fig. 2.13. Here, we
assumed the radius of curvature R, = 100 um at V;, = 0.5 V, which corresponds to
R = 264 mm. As expected, the radius of curvature significantly decreases with
increasing ny and F; due to the pressure exerted on the surface by the surface charge.
Note that this limits the maximum density which can be accumulated in the surface of
liquid in a channel. In particular, SSE will be lost when the corresponding depression
of the surface will exceed the channel depth. This prevents to reach the quantum
degeneracy regime discussed in Chapter 1.
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Figure 2.14: Black line: R, = R.. Colored lines: Calculated R, at the middle of the
channel using the data in Figure 2.13 (d,e), the crosses denotes the points R, = R, as
described in the text.

’ W (V) ‘ R, (pum) ‘ ne(x =0) (cm™?) ‘ E (x=0) (V/cm) ‘

0.5 100 4.5 x 10° 462.1
0.7 98.5 7.75 x 108 740.9
1.0 94.8 13.1 x 10% 1178.7
1.2 91.6 16.8 x 10° 1464.4
1.5 85.7 22.45 x 10° 1930.2

Table 2.1: Calibrated surface curvature for a fixed bulk helium level h = 2.64 mm.




Chapter 3

Transport measurements of SSE on
superfluid helium in the microchannel
device

In Chapter 1, we reviewed the Boltzmann transport theory based on a microscopic
model of the electron-ripplon interaction. It was shown that the electron mobility
strongly depends on several external parameters, such as the temperature 7', holding
electric field £, and the external driving field V4. In this chapter, we discuss the
results of our transport measurements of SSE using a microchannel device similar to
those described in Chapter 2. In particular, we will focus on the dependence of the
transport behavior of SSE on the above mentioned parameters and make comparison
with the experiments reported earlier.

This chapter is organized as follows. In Section 3.1, we give a brief overview of some
early experimental achievements. From Section 3.2, we focus on our experiments using
microchannel devices and discuss the dependence of the measured electron current on 7',
E| and V3. In particular, in Section 3.3.2 we discuss the measured time-averaged -V
characteristics of SSE and show that they are similar to the transport behavior reported
in some earlier experiments, where this behavior was attributed to the formation of an
exotic stripe phase of WS. Finally, in Section 3.4 we provide a correct explanation of the
observed behavior based on the results of our time-resolved transport measurements.

3.1 Overview of the earlier transport experiments with
SSE on helium

The first direct mobility measurements of electrons on helium have been reported in
1971 by Sommer and Tanner using a capacitively coupled method discussed in Chapter
2 [22]. Since then, the capacitively coupled method served as a main instrument for
the transport measurement in a variety of electrons-on-helium experiments [33, 34,

|. Using this method, Sommer and Tanner measured the dependency of the electron
mobility on the ambient temperature. It was found that in the temperature range 0.8-
1.5 K, the mobility increased with decreasing temperature. Theoretical calculations
of the mobility of SSE were performed by Saitoh [16], who showed that the results

o1
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obtained by Sommer and Tanner can be explained by the scattering of SSE from the
vapor atoms, see Eq. (1.80). As the temperature decreases, the vapor density become
extremely small and the primary scatters are ripplons. In the ripplon scattering regime,
the mobility has weak temperature dependence and SSE have very high mobility ap-
proaching ;1 ~ 10® cm?/V -s. More accurate mobility measurements were performed
by Mehrotra et al. [33], who showed that the measured mobility had a strong de-
pendence on the holding electric field E |, therefore the electron densities n,, which is
proportional to £, . In the low density region, the measured mobility was found to
be in good agreement with the theoretical calculations using the semi-classical treat-
ment discussed in Section 1.5. For relatively high electron densities, the conventional
semi-classical treatment was unable to completely account for the observed mobility.
Moreover, at sufficiently low temperatures the mobility dropped due to the WSlization,
as described in Section 1.6.

The earlier experiments discussed above were performed with SSE on the bulk
helium using a set of macroscopic electrodes for capacitive coupling measurements.
Since the size of these devices is typically in a millimeter range, a precise control of
SSE on a microscopic scale is rather difficult. With the development of the lithography
techniques one can easily fabricate the electrode structures on a much smaller scale,
which can provide a more precise control of SSE down to a few thousand of electrons,
or even a single electron [39]. In addition to this, one can also achieve much higher
electron densities in the micro-fabricated devices comparing to the bulk helium setups
because the hydrodynamical instability of the liquid helium surface can be significantly
suppressed by the confining geometry, as discussed in Section 2.3.2.

The microchannel device is a very convenient setup for the transport measurements
in SSE on superfluid helium. Employment of such devices opened possibilities to ob-
serve some novel features associated with the transport and phase transitions in SSE
at high densities. Examples include the structural transition of a quasi-1D electron
crystal [13, 90|, the damping effect of a finite-size WS [69], and the stick-slip motion
of WS [10, 91, 92]. The first microchannel device has been reported by Glasson et al.
in 2001 [8], the schematics of this device is shown in Fig. 3.1(a). In this device all
reservoir channels were arranged perpendicular to the central channel. Note that there
is another frequently used configuration, in which all channels are aligned in parallel.
Such a parallel geometry is used in the experiment described in this thesis, see Fig. 2.4.
The electrical properties of SSE measured by Glasson et al. in the microchannel setup
(see Fig. 3.1(a)) are shown in Fig. 3.1(b, ¢). A lumped circuit analysis discussed in
Section 3.2.1 was used to retrieve the resistance R and driving electric field E from the
measured current of SSE. As shown in Fig. 3.1(b), a sharp increase of the resistance at
temperatures below the melting temperature 7}, signifies the Wigner crystallization.
In Fig. 3.1(c), the measured field-velocity characteristics of WS are shown. The abrupt
increase of the driving filed corresponds to the strong coupling between WS and DL due
to the BC effect, as is expected from the Dykman-Rubo theory (see Section 1.6), while
the subsequently driving field oscillations versus electron velocity v were attributed by
Glasson et al. to a nonequilibrium transition of the SSE to a novel dynamically or-
dered phase of current filaments aligned along the channels [3]. This unusual transport
behavior will be the subject of our experimental work and is discussed in more details
in Section 3.3 and 3.4.
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Figure 3.1: The first experiment using microchannel device. (a) A schematic
view of the device. The channels have 1.5 ym in height and 10 gm in width. Here, the
reservoir channels are arranged perpendicular to the central channel. (b) The electron
resistance as a function of temperature for different electron densities. ([J) corresponds
to the resistance at ng = 5.1 x 108 cm™2 and 7' > 0.8 K. The resistance below 0.8 K for
16 (A), 31 (¢), and 64 (V) m/s, for ng = 3.5 x 108 em™2 (T,,, = 0.42 K). The solid line
shows the theoretical calculation. (c) The force-velocity characteristics of the device
for biasing voltages of 1.8 (data I), 1.2 (II), and 0.8 V (III). The figure is taken from
Ref. [8].

3.2 Transport measurements of SSE confined in the
microchannel device with the parallel channel con-
figuration

Starting from this section, we present the results of our transport measurements with
SSE confined in the microchannel device described in Chapter 2.

3.2.1 Equivalent circuit analysis of the microchannel device

First, we review the basic ST measurement and the equivalent circuit model in the
parallel microchannel configuration. Similar analysis can also be applied to the perpen-
dicular geometry used in the experiment by Glasson et al. [3]. As shown in Fig. 3.2(a),
the majority of SSE are confined in two sets of parallel reservoir microchannels, and are
capacitively coupled to both bottom reservoir electrodes and the top guard electrode,
with the corresponding coupling capacitance denoted by C; and C, respectively. The
charged surface resistance R, mostly comes from SSE in the central channel, because
the surface area of the reservoirs is several orders of magnitude higher than that of the
central channel. Accordingly, the equivalent lumped element circuit model is shown in
Fig. 3.2(b). Using the standard lumped-circuit analysis discussed in Section 2.1, the
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Figure 3.2: (a) A schematic drawing of the microchannel device. The coupling
between the SSE and LR/RR electrodes are denoted by C}, whereas Cs represents
the coupling to guard electrode. (b) The corresponding lumped circuit model.

response current / can be rewritten as

o Raq,w?C? _ 2wC?
[ =yt =t o1 V.
" A+ RRerc? A, T RRwrcE

(3.1)

where, w and Vj is the frequency and amplitude of the applied driving voltage, respec-
tively. Here, we denote Cy = C} 4+ Cy, C1/Cy = ¢1 and Cy/Cy = ¢4, see Fig. 2.7(b)
and Eq. (2.3). Note that, for ¢ < ¢; this model recovers the simplest version given
by Eq. (2.1). Accordingly, one can rewrite the Ry, in terms of the in-phase I, and
quadrature components /,, of the measured current /, that is

21, 207

h WC()Iy W 0

. 3.2
AwVy (3:2)

Here, I"** represents the maximum current obtained from Eq. (3.1), at R, = 0, which
represents the pure capacitive coupling. On the other hand, we can express the driving
electric field acting along the central channel as £ = Rq,I/L, where Ry, 1 is the voltage

drop across the resistor Ry, and L is the length of the central channel. According to
Eq. (3.2), it is clear that

Rl  iVy LI ciVycosf
L L Loy L

E = (3.3)

where 6 is the phase difference between the measured current I and driving voltage Vy.

3.2.2 Temperature dependence of the electron transport

Next, we discuss the temperature dependence of the measured transport current I.
As discussed in Section 1.5, the resistivity of SSE in the central channel is inversely
proportional to the electron mobility p according to

(3.4)
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Thus, I, and I,, which depends parametrically on R, can be varied in experiment
by changing the temperature 7. Two examples of the I, versus I, plots obtained by
decreasing the temperature are shown in Fig. 3.3(a, b). The data were obtained using
(a) Vg = 5mV, w/2r = 99kHz and V;, = 0.5 V, (b) V3 = 10mV, w/27 = 20kHz
and V,;, = 1 V. Note that all AC parameters are given in rms unit. The black dashed
lines represent the fitting using Eq. (3.1), while the jet color dots represent the current
components measured by a lock-in amplifier. In addition, the resistivity of SSE in the
central channel and the electron mobility i are extracted from the measured current 7
according to the relation (3.2) and (3.4), and the corresponding plots for the current
traces given in Fig. 3.3(a) and (b) are shown in Fig. 3.4.

Note that with decreasing T' electrons crystallize into the solid phase, which can
result in a rather complicated current response. An example is shown in Fig. 3.3(b),
where the current trajectory abruptly reverses direction (indicated by arrow) during the
cooling of the SSE at T' = 0.7 K. From the COMSOL simulation, the electron density
in the central channel is estimated to be about 11 x 10® cm™2 giving the transition
temperature about 0.7 K. It is clear that the abrupt change in current trajectory is due
to the phase transition of SSE to the crystalline phase. Similarly, an abrupt decrease
of the electron mobility is also observed in Fig. 3.4(d) at the transition temperature
around 0.7 K. On the other hand, in Fig. 3.3(a), the estimated electron density is
4 x 10® cm~2, corresponding to the transition temperature about 7' = 0.4 K. However,
we cannot observe any striking change in the current below 0.4 K.
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Figure 3.3: The resistive component (I,) and capacitive (/,) components of
the measured current / obtained upon cooling SSE. The data are obtained at
Va=>5mV, w/2r = 99kHz and V, = 0.5V for (a) and V4 = 10mV, w/2r = 20kHz
and Vg, = 1V for (b). The arrows indicate the change of current components during
the cooling of SSE and the dashed line represents the fitting using the lumped-circuit
model.

The difference between these two results comes from the nonlinear dynamics of WS
transport, which is sensitive to the external driving voltage. As it will be shown in
Fig. 3.6(a), we can separate the transport process of WS into three distinct regimes,
that is, the linear regime, the BC plateau and the sliding regime. For the low channel



Transport measurements of SSE on superfluid helium in the microchannel
56 device

0 02 04 06 08 1 12 0 0.5 1 15
T (K) T (K)

Figure 3.4: The resistance and the mobility extracted from the measured
current / obtained upon cooling SSE. (a, b) The resistance extracted from the
measured current I showed in Fig. 3.3(a) and (b), using the relation (3.2). (c, d) The
corresponding electron mobility obtained from the resistance (a, b), using a simplified
relation (3.4).

voltage Vi, = 0.5 V in Fig. 3.3(a), which corresponds to the pressing electric field
E, =450 V/cm, the transport of WS is in the linear regime. Accordingly, there is no
significant difference in the transport of SSE in the liquid and solid phases, the mobility
of such a system is then dominated by the ripplon scattering process. One can see in
Fig. 3.4(c), the mobility extracted from the simple relation (3.4) shows similar trend
with the theory, see Fig. 1.8. Note that in practice, our calculated mobility is several
times lower than expected, this mismatch may due to the fact that the holding filed
profile are not uniform across the channel, which leads to a change of electron mobility
in different position of the channel. For this reason, the relation (3.4) used to extract
the mobility is over simplified, nevertheless, it provide us a qualitatively estimation of
the mobility within the same order of magnitude of the theory.

Contrarily, for high channel voltage V;, = 1 V in Fig. 3.3(b), which corresponds to
the pressing electric field £, = 1100 V /cm, the transport of WS is strongly nonlinear,
which leads to a significant difference in the electron transport for the liquid and solid
phases. In particular, in the BC scattering regime of the WS transport, the mobility
of WS decrease with decreasing 1" because the damping of resonantly emitted ripplons
comprising DL also decreases with T'. As a result, WS is coupled more strongly to DL.
This qualitatively explains the reversal of the current in the WS phase in Fig. 3.3(b)
and the abrupt decrease of the mobility in Fig. 3.4(d).

3.2.3 Dependence of the transport of SSE in the central channel
on the confining potential

In order to characterize the performance of the microchannel device, we typically mea-
sure the dependence of the transport current through the central channel on the applied
voltages Vo, and Vg,, which determine the confinement of SSE in the central channel,
thus affect the electron density n, and effective width W,g of the electron system.
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Fig. 3.5 shows the magnitude (a) and phase (b) of the current I measured for different
values of Vi, and Vi, at T' = 150 mK. The data were obtained using the amplitude of
the driving voltage V4 = 5 mV and the driving frequency w/27 = 20 kHz. As discussed
in Section 2.2.2, the surface area of the two reservoirs is thousand times larger than that
of the center channel, thus one can assume that the potential of the charged surface V,
is fixed and our device acts essentially as a field-effect transistor, where conductance
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Figure 3.5: 2D scan of the current magnitude / (a) and phase (b) versus Vg, and Vg,
Data were taken at 7'= 150 mK in a 4 um deep and 20 ym wide channel device, with
Va = 5mV and w/2m = 20kHz. Magenta line: the variation of the current measured
for different values of Vi, at a fixed value of V,, = 0. Red line: conductance threshold
determined by the condition ¢; Ve, + c2Vea = Ve, one can get ¢; ~ 0.8, ¢ ~ 0.2 and
V.=0.24V.

between the two reservoirs is controlled by ng, and W of SSE in the central channel,
see Eq. (3.4), therefore by the voltages Vi, and Vg,. The conductance threshold is
determined by the condition ¢; Ve, + 2V = Ve. Using this equation, it is straightfor-
ward to obtain ¢; ~ 0.8, ¢co ~ 0.2 and V, = 0.24 V from the red line in Fig. 3.5(a).
This result agrees well with the values ¢; ~ 0.75 and ¢y ~ 0.25 obtained from the
COMSOL simulations. For an opened central channel (aVe, + 8V, > Vi), the central
channel resistance varies with both Vg, and Vj,. As an example, the magenta solid line
in Fig. 3.5(a) shows the variation of the current measured for different values of Vg,
at a fixed value of V, = 0. Above the conductance threshold, the current magnitude
rapidly increases with increasing Vg, as electrons start filling the central channel. For
higher values of Vi, = 0.5 V, the current magnitude decreases due to formation of WS
and its dynamical pinning to DL, as described in Section 1.6. However, in contrast
to the conductance threshold, it is difficult to determine the phase boundary between
electron liquid and WS precisely from such measurements. As will be shown in Section
3.4, the decoupling of WS from DL can occur at different times during the driving
cycle, depending on a number of parameters including the bias voltages and driving
voltage amplitude. This gives rise to the complicated current response to variations in
Ven and Vg, close to the phase boundary.
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3.3 Unusual transport behavior of WS in response to
the driving voltage V4

This section provides a detailed discussion of the transport behavior of WS in the cen-
tral channel in response to the driving voltage V. As discussed earlier, by varying the
driving voltage amplitude Vj several nonlinear phenomena related to different dynam-
ical regimes of WS can be observed, such as the BC plateau and the sliding of WS.
Moreover, an unusual transport behavior was observed in the earlier experiments by
Glasson et al., see Fig. 3.1, which was interpreted as a dynamical phase transition of
WS into an exotic stripe phase. It will be shown that a similar phenomenon is observed
in our experiments. Before presenting these experimental results, we first present the
nonlinear [-V characteristics of WS measured using our microchannel devices with
parallel channel configuration.

3.3.1 [-V characteristics of WS

One of the most remarkable difference between the transport behavior of SSE in liquid
and solid phases is the saturation of current with the increasing driving voltage, which
is associated with the BC plateau in I-V curves. Fig. 3.6 shows a typical measured
current [ as a function of the driving voltage Vj for electrons in liquid (red symbols) and
solid (blue symbols) phases. For SSE in liquid phase, the coupling between the electrons
and ripplons is independent of the external driving field, leading to a linear dependence
on the driving voltage V3. Contrarily, for SSE in solid phase, the coupling between the
electron crystal and dimple lattice formed by the resonantly emitted ripplons increases
with the driving field, as described in Section 1.6. The three distinct regimes of the
nonlinear WS transport, the linear regime, the BC plateau and the sliding regime are
highlighted by three shaded areas in Fig. 3.6(a). Note that the current plateau in the
BC scattering regime is given by

o\ /2 rgn2\ 14 »
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which is independent of the driving frequency. This is demonstrated in Fig. 3.6(b),
which shows the I-V curves taken for three different driving frequencies. On the other
hand, the threshold voltage for sliding of WS from DL is very sensitive to the driving
frequency. In Ref. [93], the threshold sliding voltages were measured using a Corbino
disk device in the presence of magnetic filed perpendicular to the helium surface and
an empirical formula for the sliding voltage V;,, was given as

ng/zEL

S (3.6)

Vin
which shows an inverse linear dependence on the driving frequency. This roughly agrees
with our data taken for SSE in a microchannel device. However, we note that a theo-
retical model of sliding which could be capable to describe the empirical dependence of
Vin on various parameters given by Eq. (3.6) is not developed yet. In Section 3.4, using
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Figure 3.6: Measured [-V characteristics of SSE. (a) Red symbols: linear I-
V' dependence for electron liquid. Blue symbols: Nonlinear I-V curve for electron
solid. The black dashed line indicates the BC plateau and the shaded areas represent
the WS in different dynamical regimes. (b) I-V characteristics of SSE under three
different driving frequencies. The brown dashed line indicates the BC plateau. The
color arrows indicate the threshold voltage of sliding, which depends on the driving
frequency.

the time-resolved measurements we will show that the measured frequency dependence
of Vi, may be related to the rate of change of the applied sinusoidal driving force within
each AC cycle.

3.3.2 Multi-step structure of /-1 curves

In most of the experiments reported earlier, the I-V characteristics for WS showed
a single plateau. However, the I-V curves measured in our device exhibited a more
complicated multi-step structure, as shown in Fig. 3.7(a). This figure shows the I-V
curves for different values of the channel voltage Vi, which determines the density
of SSE in the central channel. Fig. 3.7(b) shows the corresponding phase differences
between the measured current I and driving voltage V3. It is instructive to discuss
the observed variation of phase in the framework of the lumped circuit model given
by Fig. 3.2(b). As expected, SSE in the liquid phase (Vi = 0.6 V) exhibit the linear
transport with a constant phase (6 ~ 90°), which indicates that SSE is moving out of
phase with the driving voltage. This corresponds to a nearly pure capacitive coupling
corresponding to negligible R.,. Contrarily, for higher biasing voltages the current is
nonlinear and exhibits a series of flat plateaus and abrupt rises in the I-V' curves,
which might suggest a different dynamical state of the sliding electron system. Such a
step-like structure becomes more pronounced with increasing Vg, and exhibits longer
plateaus with varying V4. The colored dashed lines indicate the first-plateaus, which
can be identified with the conventional BC plateaus described by Eq. (3.5). From this
expression, one can obtain electron densities n, = 5.4, 8.2 and 13 x 108 cm~2, which
are in good agreement with the densities obtained from the COMSOL simulations. It
should also be noted that the BC plateau in (a) corresponds to the drop of phase in
(b), which means the coupled system tends to move in phase as the driving voltage
increases. This is also well-understand in terms of the lumped circuit model. Since
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the coupling between the WS and DL is enhanced, R, also rises leading to a resistive
coupling with 8 < 90°. Finally, for sufficiently strong Vj, the strongly coupled system
eventually decouples, the WS then move out of phase with the driving voltage, leading
to a increase of 6.
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Figure 3.7: The multi-plateau behavior under different biasing voltages.
(a) Current magnitude [ versus driving voltage Vi obtained at T = 150 mK, and
several values of the channel voltage V., = 0.6 , 0, 0.8 , 1.0 , and 1.2 V. The dashed
lines indicate the BC plateaus corresponding to electron densities ngy = 5.4, 8.2 and
13x10% cm™2, as described in the text. (b) The corresponding phase differences between
the measured current I and driving voltage Vjy.

It is instructive to represent these data in the form of the field-velocity character-
istics, similar to the ones shown in Fig. 3.1(c). Using the expression E = ¢3Vjcos6/L
(see Eq. (3.3)), where the value of € is given by Fig. 3.7(b) and L = 100 um is the length
of the central channel, the resulting field-current characteristics for different values of
Vin are shown in Fig. 3.8. Clearly, the sharp increase corresponds to the BC plateau,
where the coupled WS-DL system tends to move with a constant velocity. It is also
clear that the multi-step structure of the I-V' curves shown in Fig. 3.7(a) results from
the oscillating behavior of the corresponding field-current characteristics.

Remarkably, our result is very similar to the field-velocity dependence reported by
Glasson et al., see Fig. 3.1(b), who interpreted the periodic oscillations as an evidence
of a dynamical phase transition in a quasi-1D system with discrete rows of electrons
(current filaments) [8]. According to this interpretation, the total number of electron
rows NN, across the channel is fixed since the confining potential does not change.
Instead, the dynamical order of each row is changed by increasing the driving field.
Each row can be either dynamically pinned to the ripplons at a velocity v; of the DL
or decoupled from the DL and move at a velocity ve, with vy > v;. It was suggested
that the pinned phase appears in the center of the channel, whereas the sliding phase
is near the edge of the channel. The measured velocity in the central channel is the
sum of the velocities of each discrete row. The average velocity v is then given by
7 = av; + (1 — @)vy, where @ = NP™/N, represents the fractions of rows that are
pinned to DL across the channel. The driving field E as a function of v is also affected
by the formation of the discrete sliding rows. As the average electron velocity (measured
current) increases by adding a sliding row, the F(7) curve “switches” between discrete
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Figure 3.8: Corresponding plots of the field-current characteristics for each value of
the channel voltage used in Fig. 3.7. The in-plane driving electric field E acting on the
electrons is extracted from the data shown in Fig. 3.7, as described in the text.

values as suggested by the solid lines in Fig. 3.1(b). As aresult, Glasson et al. concluded
that the appearance of discrete sliding rows results in the oscillations of the driving
field, which are equally spaced in electron velocity.

It is worth to mention the difference between the geometries of our device and the
device used by Glasson et al. [3]. In our device, the microchannel arrays which comprise
the two reservoirs are aligned parallel to the central channel, whereas in the device used
by Glasson et al. the microchannels of the two reservoirs were aligned perpendicular to
the central channel. Both of the parallel and perpendicular configurations were tested
in the experiments reported by Ikegami et al. (see Fig. 3.9), who observed step-like -V
curves only for the perpendicular configuration similar to that of Ref. [8], while no such
behavior was observed for the parallel channel geometry similar to ours [9]. Thus, the
authors concluded that, since the observed effect depended on the device geometry, it
was not associated with electron motion in the central channel. Instead, Ikegami et al.
attribute the effect to the transport behavior of electrons in the reservoirs. Nevertheless,
in our device we observe exactly the same behavior of the field-velocity characteristics
as reported in Ref. [¢], which demonstrates that the effect is geometry-independent.

Contrarily to the explanation given by Glasson et al., we provide another expla-
nation for the observed field-velocity characteristics and confirm it in experiment. In
particular, we show that the oscillating field-current characteristics originate from a
repeated dynamical decoupling (slipping) and recoupling (sticking) of the whole WS
from/to DL. Our experiment and explanation are presented in the next section.

3.4 Time-resolved transport measurements

In the previous sections, we demonstrated the transport measurements based on the
time-averaged lock-in response. Since the sinusoidal driving electric field acting on
the surface electrons alternates with the frequency of tens of kHz, while the intrinsic
frequency of the electron-dimple system is typically on the order of tens to hundreds
of MHz (the frequency of resonant ripplons), the exact details of the system dynamics
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Figure 3.9: (a) The SEM picture of the devices used in Ikegami’s experiments. Top:
parallel configuration. Bottom: perpendicular configuration. (b) The obtained drift
velocity v as a function of driving voltage Vi, using the bottom device in (a). The
dashed line represents the calculated drift velocity limited by the BC effect. Inset: The
driving field Ej| versus v. The figure is reproduced from Ref. [9].

are hidden in the current response measured with a lock-in amplifier. Therefore, it is
desirable to investigate the time-resolved response of the system during one cycle. In
this section, we describe the time-resolved transport measurements to track the real-
time dynamics of electrons at each point of the nonlinear I-V curve obtained from
the time-averaged lock-in response. Based on these results, we demonstrate that the
unusual multiple plateaus observed in I -V curves is a consequence of the stick-slip
motion of a uniform WS.

The first time-resolved transport measurements of surface electrons in a microchan-
nel device were reported by Rees et al., where electrons were driven by a linear voltage
ramp [10]. Motivated by this work, we performed similar time-resolved transport mea-
surements for electrons in the same microchannel device as discussed in the previous
section under an AC sinusoidal driving. A time-resolved current response over several
cycles of the AC driving was measured using a room-temperature fast current preampli-
fier (Femto DHPACA-100) connected to the RR electrode by a semi-rigid Nb/stainless-
steel coaxial cable with the total capacitance of approximately 300 pF. This parasitic
capacitance together with the input impedance of the preamplifier formed a low-pass
filter which limited the bandwidth of the measurement circuit to about 1 MHz. The
time-resolved current traces were recorded by a digital storage oscilloscope (LeCroy
625Zi) and averaged over several thousand cycles to improve the signal-to-noise ratio.
A small current component due to the crosstalk between the bottom electrodes was
separately measured and subtracted from the averaged traces. Fig. 3.10 schematically
show the difference between the time-averaged and time-resolved setups.

3.4.1 Time-resolved current response in different regimes of
WS transport

We first compare the time-resolved response for different regimes on the I-V curve, as
shown in Fig. 3.7(a). For small driving voltage V3 = 5 mV, WS is in the linear transport
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Figure 3.10: The measurement setup for the conventional time-averaged (lock-in)
method (a) and the time-resolved method (b).

regime. Correspondingly, the output current is sinusoidal (blue line in Fig. 3.11(b)).
For higher driving voltages Vg = 10 mV the transport of WS is in the BC scattering
regime corresponding to a plateau in the time-averaged I-V curve, see Fig. 3.11(a).
Correspondingly, the current saturates at a maximum value given by Igc during each
driving cycle, which results in a nearly rectangular shape of the time-resolved cur-
rent response (orange line in Fig. 3.11(b)). Finally, at sufficiently high driving voltage
Vqa = 15 and 20 mV, WS decouples from DL, which results in a significant increase of
the current magnitude shown in Fig. 3.11(a). In the corresponding time-resolved cur-
rent trace (yellow and green line in Fig. 3.11(b)), we observe an abrupt rise of current
which occurs around the peak value of the AC driving electric field, representing a sud-
den increase of the drift velocity of WS. Soon after this rise the current decreases back
to the plateau value Ipc, thus producing a narrow spike of current in the time-resolved
response. Clearly, this spike cannot be resolved by the conventional time-averaged mea-
surements. Similar behavior was observed in Ref. [10] for electrons driven by a linear
voltage ramp. This has a simple phenomenological explanation. As the WS slides from
the dimples and the current through the central channel increases, the electrons are
transferred rapidly between the two reservoirs, thus decreasing the potential difference
between the two opposite ends of the microchannel. As a result, the driving electric
field acting on the electrons in the central channel rapidly decreases. It is reasonable
to suggest that electrons in the sliding state retain their long-range crystalline order
due to the very strong Coulomb interaction, although some heating effects might occur
immediately after the sliding onset [91]. Therefore, when the driving field falls below
the sliding threshold, WS re-enters the BC scattering regime. Accordingly, the electron
system is pinned again by the commensurate DL and the current magnitude returns
to the plateau value Igc. The WS undergoes a stick-slip motion due to dynamical
decoupling from, and recoupling to, the commensurate DL [10)].

3.4.2 Repetitive stick-slip process

Upon establishing the correspondence between the time-averaged and time-resolved
measurement results, we now examine the time-resolved current traces corresponding
to the multi-step /-V curves shown in Fig. 3.12(a). Fig. 3.12(b) show examples of such
current traces obtained at T = 150 mK and the channel voltage V, = 0.8 V for four
different driving voltage amplitudes Vg = 5, 10, 15 and 20 mV. Note that under this
channel voltage, the electron density, holding electric field and effective channel width
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Figure 3.11: (a) Time-averaged I-V curve. (b) Typical time-resolved current response
to a sinusoidal driving. The color arrows on the I-V curve for Vg, = 1.2 V indicates
four different values of Vj for which real-time traces are presented in (b).

are all reduced compared to those at V, = 1.2 V. Thus, the BC plateau, as well as the
WS-DL decoupling threshold force, are significantly reduced. The stick-slip process can
happen earlier during the first quarter-cycle and there is sufficient time to repeat the
same process until V4(t) enters the second quarter-cycle. For V4 = 5 mV, the system
already enters the BC scattering regime, correspondingly the current is saturated at a
plateau value Igc and the time-resolved current response has a rectangular shape as
described above. For V3 = 10 mV, which corresponds to the third step in the time-
averaged curve (see Fig. 3.12(b)), the time-resolved current trace reveals two stick-slip
peaks of current due to a repeated decoupling-recoupling process. For still larger values
of Vg = 15 and 20 mV, the time-averaged I-V curve is almost linear. Remarkably, the
corresponding time-resolved current traces clearly show repetitive stick-slip motion
of WS, which undergoes three and four cycles of the decoupling-recoupling process
during one AC driving cycle. We can intuitively assume that the peak amplitude is
proportional to the rate of change of the driving field (dV4/dt). It should also be
noted that in previous section (see Fig. 3.6(b)), we presented a frequency dependence
of the voltage threshold, that is the sliding threshold decreases as the driving frequency
increases. This phenomenon may also relate to the rate of change of the driving field.
Since higher frequency corresponds to the larger value of dVg/d¢, the driving voltage
can attain the critical value within a very short time and lead to the decoupling of the
WS and DL.

3.4.3 Discussion

Our time-resolved current measurements provide compelling evidence that the unusual
transport behavior of the WS reported by Glasson et al. and interpreted as evidence
for a nonequilibrium phase transition in a driven electron system in fact arises from
the dynamical interaction of the electron lattice with the surface dimples on the liquid
substrate. For higher values of V,, which correspond to both higher electron densities
and larger pressing electric fields, we expect stronger coupling between the electrons
and dimples. In turn, we expect that the sliding of WS from DL should occur at higher
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Figure 3.12: (a) Time-averaged I-V curve. (b) Typical time-resolved current response
to a sinusoidal driving. The color arrows on the I-V curve for V, = 0.8 V indicates
four different values of Vj for which real-time traces are presented in (b).

driving field thresholds, see Eq. (3.6). The density can be estimated from the value of
the plateau current Ig¢ using the expression given by Eq. (3.5). As an example, three
values of Ig¢ corresponding to plateaus on the I-V curves for V;, = 0.8, 1.0 and 1.2 V
are indicated in Fig. 3.7(a) by dashed lines, from which we estimate the corresponding
density n, = 5.4, 8.2 and 13 x 10® cm~2, respectively. Note that these values agree
reasonably well with estimated values of n using Eq. (2.4) and COMSOL simulation.
For the largest value of V4, = 1.2 V used in our experiment, we observe a plateau and
a rise in current similar to the conventional results [12, 93, 94]. Nevertheless, there
is an indication of a second plateau at sufficiently large driving voltages V3 = 20 mV
(see Fig. 3.11(a)), and it is therefore possible that the second sliding event would
occur at still higher V4. The repetitive pinning-sliding becomes clearly evident at lower
values of Vi, where the coupling between the electrons and dimples is weaker. We
note that multiple decoupling was also observed in Ref. [10] by increasing temperature
T towards the value T, = e*\/mn,/(kpl') (here I' ~ 137 is the plasma parameter
discussed in Section 1.3.1) corresponding to the melting temperature of the WS. This
agrees with our result because the coupling strength and decoupling threshold will also
decrease with increasing T [93]. Interestingly, the melting temperature of 150 mK would
correspond to an electron density n, = 0.5 x 10® cm™2, which is significantly lower than
the estimated density for Vg, 2 0.6 V. This suggests that the electron system is already
in the solid phase at V;, = 0.6 V, despite its linear response across the range of driving
voltages used in the experiment. This could be due to a continuous and rapidly repeated
coupling-decoupling process, in the limit of which the WS is essentially decoupled from
the heavy DL and thus exhibits a high mobility comparable to that of electrons in the
liquid phase.

We note that the step-like structure of the -V curves has not been clearly observed
in a similar experiments using microchannel device with channel depth of 1.6 um [69].
Contrarily, all our microchannel devices with depth of 4 um exhibited this effect very
clearly. This is in agreement with our earlier discussion of the effect of the pressing
electric field acting on the electrons. Indeed, in the channel of smaller depth electrons
experience a significantly stronger pressing electric field, which enhances the coupling
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of electrons to the dimples and suppresses their repetitive stick-slip motion. This
argument might also explain why this effect was not observed by Ikegami et al. who
used a microchannel device with the channel depth of 1.7 um, see Fig. 3.9. Also note
that, besides the pressing electric field, the appearance of multiple stick-slip motion is
susceptible to other experimental parameters, such as proximity to the Wigner solid
transition, as discussed earlier.

Finally, it is instructive to discuss the timescale of the observed stick-slip transitions,
which is relevant to the timescale of the field redistribution, as well as the characteristic
frequency of the DL formation. As described above, the redistribution of electrons
between the two reservoirs can affect the driving electric field acting on the electrons
in the central channel. The typical rate of this process is given by (Rgq,C)™!, where
C = 0.6 pF is the capacitance between electrons and reservoir electrodes. For a typical
resistance Rg, = 700 k{2 of the WS in the sliding state, we estimate the corresponding
frequency to be 2.4 MHz. Another relevant process is the characteristic inverse time of
the DL formation, which is close to the frequency of the resonant ripplons ~ /o / png/ 4
For the typical electron densities achieved in our experiment, this frequency is in a range
10 to 100 MHz. Both of these time scales is significantly smaller than the bandwidth
of our experimental setup (about 1 MHz), which is mainly due to the bandwidth of
our current preamplifier and the low-pass filter formed by its input impedance and the
connecting cable, as discussed earlier. Thus we conclude that the observed stick-slip
peaks in our time-resolved current traces are broadened by our experimental setup.
As a future improvement of our method, we can consider employment of a cryogenic
fast current preamplifier which would allow the length of the connecting cable to be
decreased significantly, thus improving the response time of our detection circuit.

3.5 Summary

In this chapter, we described our experimental studies of the transport of SSE confined
in the microchannel device. In particular, we found an unusual plateau effect when the
system is driven out equilibrium. This unusual transport effect was investigated using
different methods. First, we confirmed that the effect is intrinsic and independent of
the device geometry. Second, by employing time-resolved measurements we showed
that the observed effect is due to the dynamical interaction of the electron crystal with
the surface excitations of the liquid substrate.



Chapter 4

Rydberg resonance detection for SSE
confined 1n microchannel devices

In this chapter, we present a new method of the Rydberg resonance detection in SSE
confined in microchannel devices. The conventional method to detect the Rydberg
resonance in a bulk SSE sample containing a large number of electrons (107 —10%) is to
observe the corresponding change in the transmitted power of the resonant microwave
(MW) radiation due to its absorption by the excited electrons [35]. For the typical
density of electrons n, ~ 10® cm™2, a single microchannel employed in our experiment
would contain on the order of 10? electrons, which makes the microwave absorption
detection impossible. A new method of the Rydberg resonance detection was developed
recently, which is based on the measurement of the image-current induced by the excited
SSE in a conducting electrode capacitively coupled to the electrons [1]. While it was
argued that this method can be potentially scaled down to the detection of the Rydberg
excitation of a single electron, the currently achieved sensitivity of this method is not
sufficient to detect the resonance of SSE in a single microchannel. As an alternative,
we used the conductive detection of the Rydberg resonance by observing a change in
the current of SSE driven along the microchannel, which is induced by the heating of
electrons due to the resonant MW absorption [95]. In particular, in order to increase
sensitivity of the conductive detection we employed SSE in a solid state to exploit a
large change in the conductivity of SSE upon their transition from the solid to the
liquid phase.

This chapter describes the first measurements of the Rydberg resonance in SSE
confined in the microchannel device. In particular, we use the conductive detection for
SSE in a single channel and the image-charge detection method for SSE confined in
an array of microchannels. This chapter starts with a short review of the traditional
absorption measurements of SSE on a bulk liquid helium.

4.1 Review of the MW absorption measurement
The first observation of the Rydberg transition by measuring the microwave absorption

was done by Grimes et al. in 1974 [35]. Since then, the spectroscopic properties have
been extensively studied by several groups |70, 95-97|. A schematic drawing of the
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typical absorption measurement setup used in OIST is shown in Fig. 4.1(a). The MW
radiation is generated by a room temperature MW source with a tunable frequency
in the range wy,y /27 = 110-170 GHz. The MW power is controlled by an attenuator
from a few uW to a few mW and is introduced from the cryostat’s top to the sample
cell via a MW guiding system. The main part of the guiding system is an overmoded
(WR-28) stainless-steel waveguide, while its short portion entering the cell is a single-
mode WR-6 copper waveguide sealed with a piece of 50-um thick Kapton film. The
benefit of an overmoded waveguide is that it has lower power losses due to a larger
cross-section. The power loss in passing the waveguide was estimated to be -10 dB. The
MW radiation passes through the cell and is detected by an indium antimonide (InSb)
bolometer mounted on the opposite side of the cell. The MW power transmitted to
the bolometer is obtained by measuring the voltage drop across the bolometer, which
is externally biased by a constant current I, as shown in the inset of Fig. 4.1(a).
Typically, the bolometer has the sensitivity of 10 kV/W and the time constant for the
detection circuit is about 1 us.

Inside the sample cell, a parallel-plate capacitor is used to providing a uniform
pressing fields acting on SSE, see Fig. 4.1(b). The pressing field £, is controlled
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Figure 4.1: (a) Block diagram of the experimental setup. Inset: Circuit diagram
of the InSb detector. The figure is reproduced from [97]. (b) The geometry of the
parallel-plate capacitor. The top and bottom electrodes are separated by a distance
D. And d is the liquid level.
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by changing the voltage applied to the capacitor plates, according to the parallel-
capacitor model, see Eq. (2.2). In particular, when the parallel capacitor is half-filled
with helium (d = D/2), the pressing field becomes independent of the electron density
ns and is completely determined by the applied voltages, that is £, = (W}, —V;)/D. To
observe the transitions of SSE between the Rydberg states, the microwave frequency
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is usually fixed, while the transition frequency of the Rydberg states is Stark-tuned in
resonance by sweeping V4,. To measure the absorption signal Vi, the applied voltage
Vb is amplitude-modulated with a frequency wmoa, that is Vi = Vi, + Asin(wmoat),
where A is a small modulation amplitude. The output voltage is measured by a lock-
in amplifier at the modulation frequency during the sweep of V},, and the measured
voltage is proportional to the first derivative of the absorption signal Vi, with respect
to V4, at sufficiently small modulation amplitude A, see Fig. 4.2(a). Fig. 4.2(b) shows a
representative trace of the derivative of the absorption signal measured for about 107
electrons. It was found that the sensitivity of the transitional absorption measurement
is not sufficient to detect the Rydberg transition in a system which contains less than
10° electrons [97].
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Figure 4.2: (a) Schematic diagram of the MW absorption measurements using the
amplitude modulation technique. (b) An experimental trace of the derivative of the
absorption signal. The figure is taking from Ref. [97].

4.2 Conductive detection of the Rydberg resonance
in SSE confined in a single microchannel

In this section, we report the first observation of the microwave-induced Rydberg res-
onance in the SSE confined in a single 20-um wide and 100-pm long channel. The
resonance signal from a few thousand of surface electrons is detected by observing
WS melting due to the microwave absorption. Compared with the conventional MW
absorption measurement described in the previous section, this method can provide
higher sensitivity and does not require expensive devices such as the InSb bolometer.

4.2.1 Method and setup

The experimental setup consists of two main parts, the MW setup and the conductivity
measurement setup. The MW setup is very similar to the conventional setup used in
the MW absorption measurements, as described in the previous section, although the
operating frequency is in the range wy,y /27 = 400-500 GHz. The higher MW frequency
is required because SSE in a microchannel experience significantly larger pressing elec-
tric field £, than on the bulk, thus shifting the transition frequency of SSE to much
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higher values. In our experiment, we kept the frequency of MW radiation fixed and
tuned the Rydberg transition frequency wo; of SSE in the central channel via the Stark
effect by adjusting the pressing electric field £, acting on SSE. Practically, this was
done by varying the voltage V., applied to the bottom electrode of the central channel.
Note that, in addition to V,, a strong contribution to the pressing electric field F| act-
ing on SSE comes from the image charges induced by SSE in the conducting electrode
at the bottom of the channel, as will be described in Section 4.3. The conductivity
measurements are done by the ST method similar to that described in Chapter 3.

The nonlinear transport features of WS described in Section 3.3 suggest the pos-
sibility to detect the microwave-induced Rydberg resonance of SSE confined in the
central channel. It is well known that the resonant MW excitation of the Rydberg
transition can result in a strong overheating of the electron system due to the mi-
crowave absorption and elastic decay of the excited electrons [95]. Suppose that at
a given driving voltage Vg the current of WS in the central channel is set at the BC
plateau, see Fig. 4.3(a). The resonant excitation of SSE will cause the heating of SSE
and, at sufficiently large MW power, melting of WS. As a result, the current of SSE
through the central channel must experience an abrupt increase by Al to its value cor-
responding to the linear transport of SSE in the liquid phase, as indicated in Fig. 4.3(a).
Alternatively, even if the applied MW power is not sufficient to melt WS there must
be an appreciable change in the transport of WS induced by the excitation, as was
previously demonstrated [93]. Such a method of the Rydberg resonance detection by
observing an abrupt change in the WS transport is used in the experiment described
here.
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Figure 4.3: (a,b) I-V dependence of SSE in the central channel measured without
MW radiation at T'= 150 mK for different values of the channel voltage Vg, and fixed
gate voltage V,, = 0.

Due to the upper-frequency limit of our MW source, the typical values of Vi, re-
quired to tune SSE into resonance (ws; = wpy) were significantly lower than 1.2 V,
the value used to obtain the nonlinear transport curve shown in Fig. 4.3(a) (the solid
black line). The useful range of V¢, for the given bandwidth of our source was found
to be in the range 0.7-0.9 V. Fig. 4.3(b) shows the I-V curves of SSE in our device
taken without MW excitation for a fixed gate voltage Vi, = 0 and several different
values of V, in the above range. At Vg, = 0.6 V the electron system shows the linear
I-V dependence corresponding to SSE in the liquid phase. With increasing V,y,, there-
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fore with increasing density ng, the I-V curves start exhibiting nonlinear features, in
particular a series of plateaus followed by the abrupt rises in current. As described
in the previous chapter, this behavior is identified with the repetitive coupling and
decoupling of WS to and from the liquid surface deformations [92], which is sort of
an intermediate regime between the linear transport and strong pinning of WS in the
resonant BC-emission regime. The observed nonlinear transport of WS still makes it
suitable for the proposed detection of the Rydberg resonance by the electron heating,
although with a reduced sensitivity compared with the case discussed in relation to
Fig. 4.3(b). The experimental procedure was to apply the MW radiation at a fixed
frequency wy,,, and measure the abrupt change of SSE in the central channel while
sweeping the channel voltage V. The results of such measurements are discussed in
the next section.

4.2.2 Results

Figures 4.4(a) and 4.4(b) show variation of the changes in the current magnitude Af
and phase A, respectively, with the channel voltage Vi), at a fixed gate voltage Vg = 0
for SSE exposed to radiation at different values of MW frequency. In order to obtain
the changes Al and A6 upon irradiation, the corresponding data obtained without
radiation were subtracted. The current was measured for a range of driving voltages Vg4
determined by the position of BC plateau. Due to slight overheating of the experimental
cell by the MW radiation, the temperature T" varied in a range from 170 to 190 mK
for different traces. An abrupt change in current I with respect to its value without
radiation indicates overheating of the electron system by the microwave absorption
due to the resonant transitions between the Rydberg states. As shown in the following
section, this corresponds to the transition of SSE in the central channel from the ground
state to the first excited Rydberg state. As expected, the position of the resonance
shifts towards the higher values of V,;, with increasing MW frequency due to the Stark
effect.

The measured resonance signal exhibits large broadening and a rather complicated
line shape. The observed signal broadening, on the order of 10 GHz, is many orders
of magnitude larger than the intrinsic linewidth of the Rydberg transition [70], see
Section 1.7. As shown in the following section, this large broadening arises due to the
inhomogeneous broadening of the Rydberg transition of SSE in the central channel be-
cause of the variation of the pressing electric field | across the channel. It is hard to
account for the rather irregular asymmetric shape of the signal. In addition, it should
be noted that the detection method realized here does not measure the transition rate
directly. Instead, it probes the electron conductivity in response to the transition-
induced heating of SSE. In order to fully account for the shape of such conductivity
response one has to consider dependence of the electron temperature on V,, the cor-
responding change in the conductivity and measured current, etc. Also note that the
electron density n, in the central channel varies with V.
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Figure 4.4: Variation of the change in current magnitude A (a) and phase A#
(b) with the channel voltage for SSE under irradiation for several values of the MW
frequency. The values of Al were obtained from the measured current by subtracting
the values of current measured without the radiation. An abrupt change in current
indicates the resonant MW-induced transitions of SSE from the ground state to the
first excited Rydberg state. Arrows indicate resonant values of Vg, = 0.7, 0.78, 0.88
and 0.9 V corresponding to the peak values of AI for each MW frequency.

4.2.3 Discussion

The pressing electric field E/;, acting on SSE in the central channel is due to the image-
charges induced in the channel and gate electrodes by SSE and voltages applied to
these electrodes. An approximate relationship between the values of E| and Vg, was
established in Section 2.2.2 by using a simplified parallel-plate capacitor model, see
Eq. (2.5). Note that, compared to the conventional microchannel devices, our channel
depth d is significantly larger. According to Eq. (2.5) this allows us to use a larger
voltage Vi, to reach the required pressing field £, to tune SSE in resonance with
the applied MW radiation. This provides higher resolution for detecting the Rydberg
transition by scanning the channel voltage.

Fig. 4.5 shows the values of the pressing field F, corresponding to the peak position
of the resonance signals shown in Fig. 4.4 for each microwave frequency wy,, (blue open
circles). These values are obtained from the corresponding values of Vg, indicated by
arrows in Fig. 4.4 using Eq. (2.5) in Chapter 2 with d =4 pum, V, = 0.2 V and ¢; = 0.8
determined from the experimental data. For the sake of comparison, the solid line
shows the relationship between the frequency ws; and E| calculated by solving the
1D stationary Schrodinger equation for the electron motion perpendicular to the liquid
surface assuming an infinitely large potential barrier at the liquid-vacuum interface, see
Fig. 1.2(b) (blue line). The experimental data exhibit a similar slope of the frequency-
field dependence, which indicates that the observed resonance corresponds to the MW-
excited transitions from the ground state to the first excited Rydberg state. At the
same time, the values of F/| estimated from the experimental data are noticeably lower
than the theoretical ones. The most probable cause for such discrepancy is the failure
of the parallel-plate capacitance approximation, where we assume a flat surface of
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Figure 4.5: Pressing electric field £, corresponding to the resonant MW frequency
w for the transition from the ground state to the first excited Rydberg state calculated
using the infinite-barrier approximation (solid line). The blue open circles and red
crosses represent the pressing field determined from the experimental data shown in
Fig. 4.4 using the parallel-plate capacitor model with d = 4 and 3.3 um, respectively,
as described in the text.

liquid helium with the depth d equal to the height of the channel walls. As mentioned
in Section 2.3.1, the actual surface of liquid in a microchannel is curved due to the
capillary effect and pressure exerted by SSE on the surface of liquid helium [28]. A
better approximation is to consider a surface having the round shape with the radius of
curvature given by Eq. (2.7). We note that the exact value of A can not be measured in
our experiment, therefore we did not attempt to take into account the deviation of the
surface shape from the flat one. Nevertheless, the depression of the surface of liquid due
to the curvature can be roughly taken into account by assuming somewhat lower depth
of the liquid d compared with the height of the channel walls. For example, the red
crosses in Fig. 4.5 show the values of | estimated from the experimental data using
Eq. (2.5) assuming d = 3.3 pm. Thus, we conclude that the approximate parallel-plate
model already accounts reasonably well for the obtained experimental data.

The above model does not provide an estimation for the distribution of E| across
the electron system, which is important to know in order to account for the broadening
of the Rydberg resonance line. In order to get more insight into this problem, we
performed FEM calculations of the electric potential distribution across the channel
for an infinitely long channel using the COMSOL software, as described in Section 2.4.
Similar to the parallel-plate capacitor model, in our numerical simulations we assume
a flat surface of liquid helium in the channel and model the SSE as an equipotential
plane at potential V.. Fig. 4.6(a) shows the equilibrium density profiles across the
channel calculated for several values of V,;, (these values are indicated by the arrows in
Fig. 4.4). This result shows that for the typical values of V4, used in our experiment
the width of the electron system across the channel is close to the width of the channel.
Fig. 4.6(b) shows the corresponding distribution of the pressing electric field £, across
the electron system. In this simulation, we assumed the depth of the liquid in the
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channel d = 4 pum, which coincides with the height of the channels walls. Note that
the average values of F/| across SSE for each channel voltage are fairly close to those
obtained from the parallel-plate capacitor model, see Fig. 4.5 (open circles).
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Figure 4.6: (a) The electron density ng in the central channel versus the distance
from the center of the channel calculated for different values of the channel voltage
Ven and fixed gate voltage Vi, = 0. In the simulation, the SSE are represented by
an equipotential plane at potential V., = 0.2 V, as described in the text. (b) The
corresponding cross-sectional profile of the pressing electric field F, acting on the
electrons.

As seen in Fig. 4.6(b), the simulations reveal the variation of £, on the order
of 30 V/cm across the electron system. This variation leads to the inhomogeneous
broadening of the Rydberg transition line for the many-electron system. For a given
fixed value of the MW frequency, a portion of SSE in the channel experiencing the
pressing electric field with a certain resonant value E(f) will be tuned in resonance
with the radiation. The location of this portion and the corresponding number of
resonant SSE will depend on the channel voltage V. As Vg, is increased from a value
far below the resonance, it is reasonable to expect that SSE away from the center of

the channel, which experience the maximum E™ at a given channel voltage, will

be resonantly excited by the radiation, when E(lmax) = E(f). As Vg, increases further,
these electrons will become detuned from the resonance, while the electrons closer to
the middle of the channel will become resonantly tuned. As mentioned earlier, it is
difficult to account for the exact shape of the resonant signal as SSE are swept through
the resonance by the varying field £,. Nevertheless, it is reasonable to expect that
the broadening of the observed resonance lines will be determined by the variation
of E, across the system. Note that the variation of F, observed in the simulations
corresponds to the variation of the transition frequency ws; on the order 10 GHz, as
determined from the slope of the theoretical line in Fig. 4.5. This is in a reasonable
agreement with the broadening of the measured resonance signals shown in Fig. 4.4.
It is important to mention that the final goal toward building the spin qubits
using SSE is to realize the Rydberg transition detection for a single electron. In this
sense, the conductivity method is not suitable, because this method is based on the
transport properties of a many-electron system. Nevertheless, this work is valuable
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because it presents the first experimental observation of the Rydberg transition of a
small number of electrons confined in a single channel, thus demonstrating feasibility
of such experiments in microchannel devices.

4.3 Image-charge detection of the Rydberg resonance
in SSE confined in a microchannel array

Recently, a new spectroscopic method for the Rydberg states detection, the image-
charge method, has been developed and used to detect the Rydberg transition in SSE on
bulk liquid helium [1]. This method is based on the vertical displacement of the excited
electrons, thus it directly probes the population of the excited Rydberg states. In this
section, we describe an experiment where we adopted the image-charged detection
method for SSE confined in our microchannel device.

First, it is instructive to describe the image charge induced in the conducting plates
due to the presence of an electron on the helium surface using the parallel-plate ca-
pacitor model, which is shown in Fig. 4.7. An electron (green dot) placed in the
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Figure 4.7: Schematic drawing of the image charge induced in a parallel-plate capac-
itor by an electron inside the capacitor, as described in the text.

parallel-plate capacitor, with a distance d above the bottom plate, will induce image
charge (blue dots) in both top and bottom plates. The amount of charge induced
on the bottom and top plates depends on the position of the electron and are given
by ¢ = eh/D and q; = ed/D, respectively. When the electron is shifted vertically
by a distance Az, the corresponding induced charges become ¢, = e(h — Az)/D and
q, = e(d+ Az)/D. As a result, the change in the image charge in the top and bottom
plates is given by Agq = FeAz/D, which conserves the total induced image charge
at two plates. This amounts to |Ag| ~ 107%¢ for the parallel plate disk setup with
D = 2 mm used in the experiment by Kawakami et al. [!]. For a many-electron system
with density ns, we can apply the same analysis and the change of the image charge is
therefore given by |Aq| = n,eSAz/D. For about 10® electrons used in the experiment
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[1], this produced a current on the order 10 pA, which was directly measured using a
lock-in amplifier.

The ultimate goal is the image-charge detection of the Rydberg transition of a single
electron. The simplest improvement towards increasing the sensitivity of the proposed
method is immediately seen, that is increasing the change in the image charge |Ag|.
As follows from the above discussion, this can be done by decreasing the distance D
between the capacitor plates. Unfortunately, for a parallel-plate capacitor partially
filled with liquid helium this distance can not be made less than ~ 1 mm, the capillary
length of liquid helium, otherwise the capacitance will be completely filled with the
liquid by the capillary action. For this reason, other electrode structures have to be
sought, for example, a coplanar capacitor covered with a superfluid helium film, as was
suggested in [1]. An alternative approach is to use the microchannel devices, as SSE
floating on the surface of superfluid helium inside a channel are capacitively coupled
to the metal electrodes comprising the top and bottom of the channel, therefore they
are expected to produce a change in the image charge induced at one of the electrodes
equal to |Aq| = keAz/d ~ 1072%¢, where k is a numerical factor order of unity, which is
determined by the ratio of the weighted contributions to the total capacitance between
SSE and channel electrodes. For the microchannel device used in our experiments,
d = 4 pm, thus, the sensitivity of the image-charge detection method is expected to
enhance thousandfold for SSE in a microchannel device comparing with the parallel
plate disk setup.

4.3.1 Measurement setup

The microchannel device used for the image-charge detection method is similar to that
for the conductivity measurements. However, since the amplitude of the image-charge
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Figure 4.8: Schematic drawing of the multi-channel device.

current in our microchannel device is expected to be orders of magnitude smaller than
on the bulk liquid helium, due to a much smaller number of electrons, we employed
a multi-channel device to increase the total area occupied by SSE. In this setup, we
increased the channel length to 600 pum, and used 50 channels arranged in parallel,
such that the total surface area is enlarged by 300 times. A schematic view of the mul-
tichannel device used for the image-charge detection is shown in Fig. 4.8. In addition,
the room temperature current amplifier was replaced by a cryogenic voltage ampli-
fier to enhance the signal-to-noise ratio (SNR). The electrical setup and the schematic
cross-sectional view of the microchannel are shown in Fig. 4.9.
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Figure 4.9: schematic view of the microchannel setup for the image charge detection
and the equivalent lumped circuit model.

In order to estimate the image-charge signal induced by the resonant excitation
of the Rydberg transition of SSE, we apply the same analysis as the one used for the
parallel-plate capacitor. The change of the image-charge due to the Rydberg excitation
(n =1 — 2) is then given by

A
Aq ~ /ﬁpggSns?Z = 4dmengpaAzCYh, (4.1)

where pos represents the fraction of SSE excited to the first excited states, Az ~ 35 nm
is the difference in the average distance of SSE in the ground state and the first excited
Rydberg state at £, = 0, and Cy ~ kS/4med is the geometrical capacitance of the
channel electrode, with x = 0.8 estimated from the channel geometry. For typical
values of S = 20 x 300 x 50 um? and d = 4 pum, we have Cy ~ 1 pF, which is
comparable to that of a parallel-plate device used in the experiment by Kawakami et

al. [1].

The change of the image charge induces a current [, in the channel electrode,
which is given by I, = dg/dt. If the fractional occupancy pos is time-dependent and
varies periodically, for example by using the pulse modulation of the MW radiation
at frequency wpyoq, we have pos(t) = pg% sin(wmoqt), thus the magnitude of the time-

dependent image current can be written as
_dg _ (0)
Lina = 3= Amengpyy Azwmed Co. (4.2)

For typical values of ny, = 10® cm™2, the modulation frequency wyq/27 = 100 kHz
and pé%) = 1%, we have I;,, ~ 10 pA. Since we are measuring the voltage drop, it is
reasonable to convert our current source to its Thevenin equivalent circuit, with the
image charge voltage Vima = lima/WmoaCo =~ 16 pV. The measurement circuit is given
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in the inset of Fig. 4.9. Here, C, ~ 20 pF is the parasitic capacitance given by a short
stainless-steel coaxial cable which connects the cell to the amplifier, and C; = 10 nF
is the capacitance of the bias tee. Cjy and C, form a voltage divider, therefore we
have Vg = Vima cocfcp ~ 1 V. The image-charge voltage Vy, is then amplified by a
cryogenic two-stage amplifier and is detected by a standard lock-in amplifier at the
reference frequency wyet = Wimoq-

In this experiment, we use a two-stage amplification scheme [99]. It consists of
a homemade heterojunction bipolar transistor (HBT) amplifier and a commercially
available cryogenic amplifier (Cosmic Microwave Technologies CITLF1). The HBT
amplifier is placed in the immediate proximity to the sample cell to minimize the stray
capacitance C,. The amplifier was thermally anchored to the still plate of the dilution
fridge by a copper link. The power dissipated by HBT was estimated to be around
100 W for the relevant operating range. The output of the HBT amplifier is connected
to the commercial low-noise amplifier located at the 4-K plate via a superconducting
NbTi coaxial cable. The two-stage amplifier provided a total voltage gain of the order
100.

4.3.2 Results

In this section, we present our results of the image-charge measurements for SSE con-
fined in the microchannel array and provide some qualitative analysis of the data.

Similar to the experiment described in Section 4.2, the resonant transition (1 — 2) is
excited by adjusting the applied voltage V}, to match the transition frequency wy; of SSE
and the MW frequency wy,,, via the Stark shift. Here V}, is the voltage applied to both
channel and reservoir electrodes, that is Vir /rr = Ve, = W, see Fig. 4.8. The measured
voltage signals proportional to the image-charge current at the channel electrode are
shown in Fig. 4.10(a). Here the resonance peak recorded for different MW frequencies
Wiy corresponds to the resonance Rydberg transition of SSE. The resonance value of
V4 as a function of the MW frequency wyy /27 is shown in Fig. 4.10(b) (the orange open
circles). To compare this result with the theoretically predicted Stark shift of SSE, we
numerically solved the time-independent Schrédinger equation for different values of
E, (see Section 1.2.2), to find the relation between the transition frequency ws; and
E| . The result is shown by the blue solid line. Comparison between the experimental
data and theoretical calculation in Fig. 4.10(b) provides us with an empirical relation
between F, and V4 in the form E, = kV; + Ef), with & ~ 600 cm™".

The amplitude of the resonance peak depends on the MW power. According to a
simple two-level model, the fractional occupancy pss of the first excited Rydberg state
is expected to increase linearly with the MW power for small powers and saturate at
50% for very high power. Fig. 4.10(c) shows the dependence of the signal amplitude on
MW power given as a percentage of Py, where F, is the maximum power of our MW
source before the attenuator. As expected, the peak amplitude increase with increasing
power. The power dependence is almost linear, which indicates that the excited state
population is far from the saturation.

In addition, Fig. 4.10(a) indicates that the peak amplitude varies with MW fre-
quencies at fixed settings of the attenuator. Note that the power output of our MW
source depends on its frequency. Fig. 4.10(d) represents the output MW power mea-
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Figure 4.10: (a) Experimental traces of the image-charge signal versus the biasing
voltage V4, for different MW frequencies. (b) Plot of the holding electric field (the
left axis) and applied voltage Vj, (the right axis) at resonance versus the transition
frequency. Solid line is the result of the theoretical calculations, while the open circles
represent the position of the measured resonance peaks in (a). (¢) Experimental traces
of the image-charge signal measured at wp,y /27 = 480 GHz for different MW powers,
Py is the maximum power of our source. Inset: The voltage signal at the peak of the
resonance vs MW power. (d) The output power of the MW radiation as a function of
frequency measured by a room temperature power meter. The color arrows represent
the corresponding frequencies used in (a).

sured at the output of our MW source. The color arrows represent the corresponding
frequencies used to obtain the data in Fig. 4.10(a). Although the minima in the power
spectrum do not exactly match the frequencies corresponding to the minimal voltage
amplitude in Fig. 4.10(a), it is reasonable to suggest that the total power loss through
the overmoded waveguide might also depend on the MW frequency.

Instead of tuning the transition frequency of SSE via adjusting the biasing voltage
Vb, one can also vary the input MW frequency to match the transition frequency wy; at
a fixed applied voltage V;,. This method is not frequently used in the conventional ab-
sorption measurements because the MW power of the source depends on its frequency,
see Fig. 4.10(d). Nevertheless, it is convenient to use this method in our experiment
with SSE in the microchannel device. Unlike in a parallel-plate capacitor setup with
the liquid level set at the middle between two plates, see Eq.(2.2), in the microchannel
device the pressing field E| strongly depends on the image charges induced by SSE in
the bottom electrodes. Varying V4, unavoidably changes the SSE density profile across
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the channel, therefore the pressing field, leading to an unexpected shift and broadening
of the lineshape. The typical results of frequency sweep measurements taking from two
different experimental runs are shown in Fig. 4.11(a, ¢), while the corresponding E,| vs
Vi, dependencies obtained form these data are given in Fig. 4.11(b, d). In both cases
we find that the proportionality coefficient between £, and V}, is about ~ 600cm™!,
which is consistent with data shown in Fig. 4.10(b).
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Figure 4.11: (a, ¢) Experimental traces of the image-charge signal versus MW fre-
quency for different biasing voltage Vi,. (b, d) Plot of the holding electric field (the
left axis) and applied voltage V;, (the right axis) at resonance versus the transition
frequency. Solid line is the result of the theoretical calculations, while the open circles
represent the measured resonance peaks by the frequency sweeping. The color arrows
represents the corresponding frequency used in (a) and (c).

4.3.3 Discussion

Here, we try to analyze the linear dependence E|, = ka+EﬁJ) in terms of the analytical

expression for the pressing field given by Eq. (2.5). It should be noted that in this
multichannel setup we vary all the three bottom electrode voltages, Vir, Vgr and Vg
simultaneously. Therefore, the potential of SSE V, is not a fixed value but depends
on the applied voltage Vi, = Vir = VeRr = V. As discussed in Section 2.4.1, the
potential of the uncharged surface of liquid helium in the channel can be estimated
as V, = a1V, + Vi, where we have ¢; = 0.8, ¢co = 0.2 and V; = 0. It is reasonable
to assume that V, = V, + AV, = 1V}, + AV,, where AV, is the potential difference
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between the charged and uncharged surface of liquid helium in the channel, and which
varies for different experimental runs depending on the total number of SSE in the
device. Using this relation, Eq. (2.5) can be written as

ib ie 1 ]-_Cl
FL=——-(1—-—)= Wi V, 4.
L7 24 d(l ) d b+ AV, (43)

For d = 4 ym, the slop of E| vs V4 is (1 — ¢;)/d = 500 cm ™!, which is slightly smaller
than the experimentally measured value 600 cm™!. In order to account for the dis-
crepancy, we can use the same argument as in Section 4.2, that is assuming that the
real helium level is slightly lower than the channel depth due to the surface curvature.
Then, for k = 600 cm™!, we estimate the liquid depth to be d = 3.33 um.

The experimental results presented in this section demonstrate high-level control
and tunability of SSE in a device comprised of an array of microchanels. The Rydberg
energy spectrum of SSE in such a device is well described by simple electrostatics, giving
a very good agreement with the measured image-charge spectra. This presents SSE
confined in microchannels as a promising platform for further work towards quantum-

state detection and qubit implementation with electrons on helium.

4.4 Summary

In this chapter, we reviewed three different methods for detecting the Rydberg transi-
tion in SSE. It turns out that the image-charge method provides the most direct way
for Rydberg states detection. The present sensitivity of this method required us to use
a multichannel device to increase the number of SSE in the device. In order to apply
this method for SSE in a single channel device, as well as achieve the single electron
detection, it is required to improve SNR of our measurement circuits. In the next and
final chapter, we describe our strategy on improving the measurement sensitivity by
employing a high quality factor RLC resonating circuit. We also show some prelimi-
nary results of an experiment where we detect the Rydberg transition in SSE on the
bulk liquid helium using this method.
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Chapter 5

Helical resonator for the image-charge
detection

The detection of a small number of charged particles is a recurring problem in the
physical science. In many systems, such as the trapped ions and electrons in the semi-
conductor quantum dots, the charged particles are detected via a small current signal
using a high quality factor radio-frequency (RF) RLC resonator [100-102]. Various
theoretical and empirical methods have been developed for designing and fabricating
a high quality factor resonator at a desired frequency for a given set of experimental
constrains [103-107].

In the past few decades, the helical RLC resonators have been proved to be a
powerful tool for high precision detection of the image-current of ions in Penning traps
[108=110]. Motivated by this work, we are trying to employ the helical resonators for
the image-charge detection of the Rydberg transition in SSE. One can expect that
the signal-to-noise ratio of a measured signal can be significantly improved, which is
important for the ultimate goal of building an image-charge readout setup for a single
electron. This chapter is organized as follows. In Section 5.1, we review the basics
of a resonant circuit and the two-port transmission measurements in the framework
of the lumped circuit model. In Section 5.2, we discuss an analytical model of our
helical resonator and present the preliminary experimental results of the application of
a helical resonator for the image-charge detection of the Rydberg transition in SSE on
the bulk helium. Finally, in Section 5.3 we discuss the further optimization of a helical
resonator in order to reach a higher quality factor.

5.1 Theory of a resonant circuit

5.1.1 Introduction to a RLC resonator

Let us start with some basic characteristics of the series and parallel RLC resonant
circuits. Since the circuit operates at radio frequencies, for which the circuit dimensions
are small relative to the wavelength, it can be treated by a lumped-circuit model. As
shown in Fig. 5.1, the RLC resonator can be modeled by either series (a) or parallel
circuit (b). The input impedance for each circuit is given by

83
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Figure 5.1: The lumped circuit model of the series (a) and parallel (b) RLC circuit.

1
Zin =R+ jwl + —, for RLC in series, (5.1)
jwC
Z 1+'C+ Ly for RLC i llel (5.2)
m=|="+jw — ) or in parallel. :
R J JwlL P

At a resonance frequency wy = 1/ V'LC, the capacitive reactance 1/jwoC and induc-
tive reactance jwgL cancels each other, such that the absolute value of the impedance
of the circuit has an extreme value. We define the wy as the resonance frequency.
Fig. 5.2 represents the variation of the absolute value of the circuit impedance as a
function of the frequency for series (a) and parallel (b) RLC circuit. It is clear that
at w = wp the system has a minimum and maximum value of |Z;,|, respectively. Note

—
2

(b)

|Zin(w)]

3
1N
g

=

0.707

w'/w'o

Figure 5.2: The magnitude of the input impedance versus frequency for RLC series
circuit (a) and parallel circuit (b).

that at the resonance frequency the circuit impedance is real and equal to R.

Alternatively, the resonance frequency can be defined by the balance of the electric
and magnetic energy stored in the circuit. Consider the energy delivered to each lumped
element, with the magnetic energy W,, stored in the inductor L and the electric energy
W, stored in the capacitor C

1 1 1

W, = Z|I|2L’ W, = Z'IFW’ for series circuits, (5.3)
1 1 1

W, = Z|V‘2ﬁ7 W, = Z]VFC, for parallel circuits. (5.4)

Here, all of the components in a series connection carry the same current I, while the



5.1 Theory of a resonant circuit 85

same voltage V' is applied to all circuit components connected in parallel. From (5.3)
and (5.4), it is clear that at the frequency wy = 1/v/LC the stored magnetic energy is
equal to the stored electric energy in both cases, that is W, = W,. Additionally, the
power dissipation P at the series and parallel resistor R is given by

Ve

1
Poss:_]27 d Poss: ;
loss = |II'R, and 1 °R

(5.5)

respectively.

Quality factor @)

In addition to the resonance frequency, the quality factor () is another important
quantity describing the RLC resonant circuit. It is defined as the ratio of the total
electromagnetic energy stored in the capacitor and the inductor to the power dissipation
at the resistor at the resonance

Q = wp (5.6)

Pioss R/wyL = wyRC, for parallel circuits.

W +We {wOL/R = 1/woRC, for series circuits,
The Q-factor characterises the loss of the resonance circuit, the higher () implies lower
power loss. In practice, the resonator is always coupled to some external circuitry, for
example, the transmission line. This external circuitry can be considered as a load to
the resonator circuit. We consider the simplest case for which the external load is a
resistor Ry. If the resonator is a series RLC circuit, the load R; adds in series with
resonator resistance R, so the total resistance is Ry + R. According to the definition
of Q-factor given by Eq. (5.6), the loaded quality @ for the whole system can be
written as @ = wol/Riot. We define Qg = wol./R as the unloaded quality factor,
which characterises the resonator’s Q)-factor in the absence of any load. In addition,
we define Qr = woL /Ry as the external quality factor accounting for the power loss at
the load. Then, ();, can be expressed as

1111
QL Qe Qo Qo

where g = o/ Q. is the coupling constant, which characterizes the level of the coupling
between the resonator and the load. The coupling constant can be tuned depending on
the application. For example, to maintain a high () value of the measurement circuit,
the helical resonator should be weakly coupled to its load, with ¢ < 1. On the other
hand, in order to achieve the maximum power transfer to the resonant circuit through
the external circuitry, the resonator should be optimally coupled to the load, with
g~ 1. Eq. (5.7) also applies to the parallel circuit.

Finally, we define the half-power bandwidth (BW) of the unloaded resonator, see
dashed blue lines in Fig. 5.2(a, b). For the series circuit, one can rewrite Z;, in terms
of the frequency w and Q-factor, as

2 2
) = R+ jwL (—“’ “’0) ~ R+j—2RQOAw, (5.8)

w? Wo

(1+9), (5.7)

Lin = wl | 1—
n = R ( w2LC
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where Aw = |w —wp|. Note that the complex power delivered to the resonator is given
by P = %Zin|j > = %%Zm and the average power P dissipated in the resonator is
given by the real part of P, that is

v 1 V2R

2 |Zm|2 B 2 R2 + (QRQ()AQ}/W())Q.

(5.9)

It is clear that at the resonance P reaches its maximum value with Py, = |V|?/2R and
half power condition P = Py, /2 corresponds to |Z,|*> = 2R?, that is Qy = 2wy /Aw.
If we define the bandwidth as BW = 2(Aw/wy), then we have BW = 1/Qy. Similarly,

we can get the same relation for a parallel circuit.

5.1.2 Determining unloaded () from the two-port measurements

For practical measurements, a resonator must be coupled to the external circuitry,
which makes it impossible to directly measure the unloaded @)y of the resonator. Prac-
tically, we first measure the loaded quality factor (), and then find ) using the relation
given by Eq. (5.7), assuming all parameters of the external circuit are known. Now,
we will show how to find the unloaded )y from the conventional two-port shunt mea-
surements using a network analyzer. Fig. 5.3(a) shows a parallel RLC resonator (blue
shaded area) connected to the network analyzer with the characteristic impedance
Ry = 50 via two coupling capacitors C,, (gray shaded area). In such a setup we
measure the transmission coefficient S5;, which is defined as the ratio between the
voltage amplitude of the transmitted signal measured at port 2 and the driving voltage
amplitude applied to the port 1.

(O I B R {— e
i()1 I:: ::I 2 Ei() i i |
Q, Gl | o riilsll g
o % L RS i E 1 s |
2R, EER% L]CH MBI ERT S CgsIR* s

_____________________________________________________________________________________

Figure 5.3: (a) Illustration of two-port shunt measurement. (b) Norton’s equivalent
circuit after series to parallel impedance transformation, as described in the text.

In order to understand the effect of the series capacitors C,, it is convenient to
transform the gray shaded circuit to its Norton equivalent circuit with all components
connected in parallel, see Fig. 5.3(b). The parallel and series circuits are equivalent
when the output impedance Ry + WLCN = (1/R* + jwC*)™!, thus R* and C* is given
by

1+ WPCPRE

R* — * Ol‘i

WC2R, ' 1+ w’C2RE

Since all the elements are arranged in parallel, the total resistance and capacitance can

(5.10)
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be written as

Riot = (2/R* +1/R)™, Oy = C 4 2C%, (5.11)
and the resonance frequency is shifted to a new value

1
Wi = . 5.12
* VL(C+2C%) (5.12)

In order to make the shifted resonance frequency close to the intrinsic frequency of the
resonator, one needs to choose a weak coupling, that is C* < C'. Then, the 502 load
resistance Ry, is transformed into a very large parallel resistance R*. Furthermore, we
can write

C+20" C

Qo YR+ 2R~ “°1/R+2/R" (5.13)
R R* Qo
Qo wol’ QF 2ol and g O R/R (5 )

The loaded quality factor )1, can be determined from the half-power bandwidth of
the measured transmission coefficient Sa1, with Q@ = fo/(f2 — f1), where fy = wq/2m,
f1 and f5 represents the frequencies at the half-power at each side of the resonance.
In practice, fo — f1 corresponds to either the —3 dB bandwidth, if S5; is in decibels,
or the 0.707 bandwidth, if S5; is in the voltage ratio. Note that S5; should be a real
number at resonance and it is related to the coupling factor g by the relation

521(w0)

9= 1= Son(w0) (5.15)

Note that in this expression Sy; is in the voltage ratio. Then, one can obtain the
unloaded @Q-factor using the relation Qo = Q. /(1 + g). For practical purposes, it is
convenient to use strong undercoupling, g < 1, then Qg ~ Q.

5.2 Helical resonator

The helical resonator setup with high quality factor is frequently used for the non-
destructive measurements of image-current induced by the trapped ions. First, we
briefly review the basic measurement setup in trapped-ion systems. The equivalent
circuit of the detection setup using a helical resonator is shown in Fig. 5.4, where the
helical resonator is represented as a RLC parallel circuit and the image-current signal
Iima induced by the trapped ions is represented as a current source. The current source
is coupled to the resonator shunted to the ground and the voltage drop across the
resonator is given by V' = Z I, where Z is the impedance of the resonator. As shown
in Fig. 5.2(b), for a parallel RLC resonator the impedance Z has the maximum value
at the resonance frequency, with 7., = R. Clearly, one can get the maximum voltage
drop across the resonator V.. = Rliy. for a given image current [;,,. In addition, a
high quality factor is desired in this setup. According to Eq. (5.6), the resistance R of
the resonator is proportional to the quality factor ). As a result, the voltage drop can
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Figure 5.4: Equivalent circuit of the helical resonator coupled to an external image-
current source, as described in the text.

be further increased by improving the quality factor of the resonator. In the following,
we adapted this techniques into our experimental setup for the image-charge detection
discussed in Chapter 4.

We start from discussing the geometry of the helical resonator. The helical RLC
resonator consists of a solenoidal coil mounted in the center of a cylindrical metal shield.
In our experiment, the coil is a single layer of conducting wire (Cu or NbTi) wound on
a insulation core |Polytetrafluoroethylene (PTFE)| with the winding pitch equal to the
wire diameter. After the winding, one end of the coil is grounded to the shield and the
other end is left as an open-circuit, which in experiment is coupled to the measurement
circuit. Fig. 5.5(a) shows a photograph of an unassembled high-@) helical resonator
made from the superconducting material, while Fig. 5.5(b) is a sketch of the assembled
resonator. For convenience, we list the symbols describing the geometric parameters
of the resonator in Table. 5.1. The first version of the resonator used for the image-

Figure 5.5: (a) Photograph of an unassembled superconducting resonator. Left:
NbTi coil wound tightly on a PTFE tube (white color) with diameter di, = 23 mm
and total length = 100 mm. The winding pitch 7 is equal to the wire diameter. Right:
The outer metal shield (silver color) is made from NbTi, and has the inner diameter
of d; = 38 mm and inner height of [, = 110 nm. Two lids (silver color) with inner
diameter d; are used to close the shield from both sides. (b) Sketch of the assembled
resonator. The outer shield is shaded in dark blue color, while the coil is in yellow
color.
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charge detection experiment is slightly different from the one shown in Fig. 5.5(a). In
the first version, the outer shield is made from a thin Cu foil with the thickness of 0.5
mm. The foil is rolled into a cylinder with the inner diameter ds = 45 mm and height
ls = 100 mm. The two edges were soldered by tin. For the inner core, the copper
wire with diameter 160 ym was tightly winded on the PTFE tube with d;, = 23 mm
and [;;, = 6.3 mm and tied up by the PTFE thread seal tape to ensure the mechanical
stability, as well as the thermal contact with the insulation core.

ds inner length of the metal shield

ls inner diameter of the metal shield
lin length of the winding part

di, | outer diameter of the insulation core
T winding pitch

Table 5.1: List of symbols for the geometric parameters of the helical resonator shown
in Fig. 5.5.

Next, we discuss the RF properties of the resonator. The simplest estimation of the
resonance frequency can be done by considering the coil inductance and capacitance
between the coil and shield. The coil inductance can be simply estimated assuming
an unshielded coil, while the coil capacitance can be evaluated as the capacitance of a
coaxial structure, according to

I — M0N27T(din/2)2

7 , [S1] (5.16)
27T€(]lin
C = m [SI] (5.17)

For the first version of the resonator, with d;, = 23 mm, d;, = 45 mm and [;, = 6.3 mm,
we obtain L = 1.68 mH, C' = 6.98 pF and the resonance frequency fy = 1.4703 MHz. In
addition, one has to consider the contribution to the total capacitance of the resonator
from the capacitance between wire turns in the coil. Moreover, for sufficiently high
frequencies ~ 1 MHz, the skin and proximity effects cause the winding resistance to
increase and the inductance to decrease. Thus, one needs a more accurate estimation.

The first accurate study of the high frequency RF properties of shielded helical coil
resonators was done by Macalpine et al. [105], who took the skin effect and dielec-
tric losses into account and gave an empirical estimation of the values of inductance
and capacitance. Later, these expressions were derived using the distributed element
model [103-107, 111]. Fig. 5.6(a) shows the equivalent distributed element circuit of a
helical resonator applicable for sufficiently high frequencies. Here, R; and L; represent
the resistance and inductance of each wire turn, C; and C§ represent turn-to-turn and
turn-to-shield capacitance, respectively. All these parameters are strongly dependent
on the resonator’s geometric parameters. It is rather time-consuming to predict the
electrical properties of a resonator using the distributed element model. For the sake
of a quick estimation, it is instructive to further simplify this model to an equivalent
lumped parameter circuit. As shown in the upper panel of Fig. 5.6(b), the resonator
inductance, resistance and capacitance are represented as lumped parameters L, R and
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Figure 5.6: (a) Equivalent distributed element circuit of the helical resonator. Here,
R; and L; represents the resistance and inductance of each turn, C; and C repre-
sent turn-to-turn and turn-to-shield capacitance, respectively. (b) Top: the simplified
lumped circuit model. The coil inductance, resistance and capacitance are depicted as
lumped parameters L, R and C' respectively. Bottom: the equivalent parallel circuit.
Typically, C' and L is almost unchanged after the series to parallel conversion, while
the R, arises significantly. The figure is taken from [107].

C, respectively. The conversion relation between the lumped and distributed elements
can be found in Ref. [107, 111]. Note that the resistance R is called residual resistance,
which is a series resistance consisting of the resistance of the shield, the coil resistance,
as well as the resistance representing the dielectric losses. The capacitance C' includes
both turn-to-turn and turn-to-shield capacitance. The circuit can be further simpli-
fied by the series to parallel conversion. The bottom panel in Fig. 5.6(b) represents
the equivalent parallel circuit. Typically, C' and L are almost unchanged after the
conversion, while the 17, changes significantly since it is inversely proportional to the
residual resistance R. In particular, the parallel inductance L is given by the expression

[105, T11]:

_ TN (dw/2)* (0 b o,
i +0.9(du/2) s a2 )’ where b = 5—"— [S1] (5.18)

For the first version of our resonator, that is d;, = 23 mm, dy, = 45 mm and [;, =
6.3 mm, we obtain L = 0.996 mH. Using the estimated value of L, we can obtain
the values of other parameters by the transmission measurements. Using the standard
two-port measurements discussed in Section 5.1.2, we obtain the resonance frequency
fo = 1.45 MHz and the quality factor (), = 63.4, thus we have C' ~ 10 pF and
R ~ 13842 (the equivalent parallel resistance R, in Fig. 5.6(b) is 0.57 M€2). Here, the
coupling capacitance is chosen to be C, = 1 pF and Ry = 50Q (with C* = 1pF and
R* = 241 MQ at fo = 1.45 MHz). It is clear that the resonator is weakly coupled
(undercoupled) to the load since g = R,/R* < 1, thus we have Qo ~ ) = 63.4.

Comparing to the simple relation given by Eq. (5.16), the inductance is reduced
about 40% due to the shielding, whereas the total capacitance is also increased because
we took the turn-to-turn capacitance into account. The measured frequency is still very
close the value estimated by the simple model given by Eq. (5.16) and (5.17).
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5.2.1 Coupling a helical resonator to the measurement circuit

Once the resonator was prepared and characterized using the transmission measure-
ments, we incorporated it with our experimental setup. In order to achieve a larger
image-charge signal, we conducted the first experiment with a large number of electrons
(~ 10%) on the bulk liquid helium using the parallel-plate capacitor, see Section 2.2.1.

The photograph of the experimental setup is shown in Fig. 5.7(a), while its equiv-
alent circuit is given in Fig. 5.7(b). The resonator is mounted on the still plate of the
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Figure 5.7: (a) The photograph of the measurement setup. The top center electrode
of the Corbino disk device is connected to PCB, which provides DC bias and coupling
to the resonator. The resonator is brought to a close proximity with PCB to reduce the
stray capacitance of the unshielded wire. (b) The equivalent circuit of the experimental
setup. For the test transmission measurements, the bottom plate of the parallel-plate
capacitor is driven by an external voltage source Veys.

dilution refrigerator and the experimental cell is mounted on the mixing chamber plate.
The resonator is connected to the top center electrode of the parallel-plate capacitor.
Here, C, represents a parasitic capacitance of the wiring connecting the cell to the
resonator. Note that, C), is typically in the order of a few pF, which is comparable
to the resonator capacitance. Therefore, the resonance frequency is shifted to a lower
value.

To characterize the resonator, we perform a test transmission measurement, as de-
scribed earlier. As shown in Fig. 5.7(b), we drive the bottom plate of the parallel-plate
capacitor and measure the transmitted signal amplified by a cascode two-stage ampli-
fier with the voltage gain about 28 at room temperature. Note that, the capacitance
between the bottom and top capacitor plates is around Cy = 1 pF, similar to the
coupling capacitance C,. The measured transmission coefficient Sy; is given by the
solid blue line in Fig. 5.8. As expected, the center frequency is shifted to the lower
frequency fo = 1.199 MHz, from which we estimate C, ~ 5.6 pF. The loaded qual-
ity factor is () = 61.2 and the parallel resistance is R, = 0.46 M(2, similar to the
previously measured values.

Next, we cool down the setup in the dilution refrigerator and repeat the same
transmission measurements at a low temperature. The result is given by the solid
orange line in Fig. 5.8. The quality factor is improved after cooling down, with Q) =



92 Helical resonator for the image-charge detection

0.012

| I N N

—RT, Q =61.2 z =

0.01F S8

: ——600 mK, Q =153.6 g <

. N
_. 0.008 !
a |
2 I
£ 0.006 !
@ i
0.004 - .
0.002 F i
)

0 T 1 1 1 1
1 105 11 115 12 125 13 135 14

frequency (MHz)

Figure 5.8: The Sy transmission spectrum of the experimental setup for different
temperatures.

153.6 at 600 mK, corresponding to the parallel resistance R, = 1.19 M. The center
frequency is also slightly shifted from 1.199 MHz to 1.229 MHz because of the change
of C, after cooling down. It should be noted that, because the cascode amplifier has
the input impedance of R;, = 1 M(2, the amplifier’s voltage gain is reduced to 19 due
to the effect of a voltage divider between R;, and R,,.

5.2.2 Image-charge detection using the helical resonator

In this section, we present the preliminary results of the image-charge detection of the
Rydberg transition in SSE on the bulk liquid helium using the helical resonator setup.
In the experiment, the parallel-plate capacitor is half-filled with liquid *He and the
liquid surface is charged with SSE. Pulse-modulated MW radiation at a fixed frequency
130 GHz is transmitted into the cell and the Rydberg transition frequency wys is tuned
in resonance by adjusting the DC voltage applied to the capacitor bottom electrode.
The image-current signal induced by the excited SSE at the top plate produces a
voltage drop at the RLC parallel resonator shunted to the ground and this voltage is
amplified by the cascode amplifier. The voltage drop is given by ZI;,., where [,
is the image-current, see Eq. (4.2) and Z is the impedance of the RLC resonator.
Since the resonator impedance Z is maximum at the frequency f = fj, see Section
5.2, we tune the modulation frequency fi,oq of the pulsed MW radiation to match the
resonance frequency of the resonator. This produces the maximum output signal at
fmoa = fo = 1.23 MHz, as shown in Fig. 5.9(b). The improvement in the detection
sensitivity is demonstrated by comparison with Fig. 5.9(c), where the image-current
signal at the bottom plate is measured without the resonator.

5.3 Improving the quality factor of the helical res-
onator

In previous section, we have demonstrated that the helical resonator can improve SNR
of the image-charge detection setup even for a relatively low quality factor of the
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Figure 5.9: Improvement of the image charge signal by using the helical res-
onator. (a) Schematic of the experimental setup. (b) Image-current signal measured
at the top plate versus MW modulation frequency and DC bias applied to the bottom
capacitor plate (Vi.). When the modulation frequency matches the resonant frequency
of the resonator with f; = 1.23 MHz, the image-current signal presents the highest
SNR. (c) For the sake of comparison, the image charge signal measured directly at the
bottom plate without using the helical resonator is shown. Comparison with panel (b)
demonstrates an improvement of SNR of the image-charge detection setup.

resonator. In this section, we discuss the further optimization of the resonator’s per-
formance by improving its unloaded @Q-factor. Table 5.2 summarizes the unloaded
(Q-value of the resonator for different optimization steps, where the step #0 represents
the initial version of the resonator.

Optimization step 0 1 2 3
Qo at cryogenic temperature | 151 | 800 | 1441 | 18692

Table 5.2: Unloaded ()-value of the resonator for different optimization steps. The
details of the respective optimization steps are described in the text.

As mentioned in the previous section, the high quality factor corresponds to the
low residual resistance which consists of three parts, the resistance of the shield, the
coil resistance, as well as the resistance due to the dielectric losses. In the following,
we aim to reduce the effect of these three contributions.

In the first step, we use the same inner core which was used in the initial version
of the resonator, while replace the outer shield with a copper cylinder housing having
the inner diameter d, = 38 mm and wall thickness of 5 mm. The housing is closed by
two copper lids at both sides using 12 screws on each side to ensure the good electrical
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and thermal contact, see Fig. 5.5(a). The housing and lids are etched in acid and then
cleaned with acetone in an ultrasonic bath to remove all oxidation and organics. Since
the bulk material is used and cleaned up properly, the shield resistance is significantly
decreased compared with the initial setup. As expected, we achieved a much higher
quality factor Qo = 800.

In the second step, the inner coil is replaced by a superconducting wire with Cu
plating, in order to reduce the coil resistance at low temperature below the supercon-
ducting transition. We found the unloaded quality factor increased to Qg = 1441.

In the last step, a pure superconducting material is used for both inner core and
outer shield. This procedure aims to decrease the total residual resistance at the cryo-
genic temperatures. The inner coil is made from the 75 ym PTFE insulated NbTi wire
of 50 pm conducting diameter, which is much thinner comparing to the initial copper
wire coil. The outer shield is made from pure Nb, with the same geometric parameters
used in earlier steps. In order to keep the same solenoid length [;,,, we increased the
number of winding turns to N = 714. With this, an effective inductance L = 3.62 mH
was estimated. Fig. 5.10 shows the result of the transmission measurements. The
resonant frequency is measured at fyo ~ 1.379 MHz and the parallel capacitance and
resistance are calculated to be C' = 3.68 pF and R, = 585 M(2. This resonator gives
us the highest quality factor achieved so far, with Qg = 18692.

It is important to mention that the above transmission measurements were done in
a strongly undercoupled regime, with the coupling capacitance C;, < 1 fF. In actual
experiments, it is very difficult to keep the small value of C, due to the coupling to
the other parts of the measurement setup. For example, the coupling to the input
impedance of the amplifier as well as other low-impedance lines may limit the exper-
imentally observed quality factors. Furthermore, the DC-biasing circuit at the top
electrode contains a high-impedance metal film resistor Rq., see Fig. 5.9(a). Thus, the
total resistance Ryot = Rac||Rp is dominated by the smaller resistance. For a typical
value of Rg. = 100 M2, the total resistance becomes R, = 85 M(2, which dramatically
decreases the loaded quality factor (), by 7 times, leading to a (), = 2680.

0.5 T T T T T r T T T T T T T
L =3.62 mH (calc.)
04 C =3.68 pF (calc.) e
Free resonsce v, = 1.378 MHz 1
Unloaded Q (4K) = 18 692
~ 0. Effective parallel R = 585 MQ
w

-300 -200 -100 0 100 200 300
Frequency-1 378 568 [Hz]

Figure 5.10: The S5 transmission spectrum of the superconducting resonator mea-
sured at 4.2 K.
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5.4 Summary

We presented the preliminary results of our image-charge detection experiment using
a parallel RLC helical resonator. It was shown that, even with a relatively low quality
factor of the resonator, the measurement sensitivity significantly increases. With the
ongoing optimization procedure for the quality factor, we could achieve up to 18692 of
unloaded @) value. In general, a decrease of the measured );, because of the coupling
to the lossy components in the measurement circuit is expected, therefore a further
optimization of the detection circuit is required. In addition to the reduction of the
losses in the detection circuit, one can try to improve the performance of the cryogenic
amplifier by increasing its effective input impedance.
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Future plans and outlook

As was described in the introduction, successful implementation of the quantum-state
detection and manipulation demands confinement and control of electrons at the level
of a single particle. Such implementation requires a well-designed microstructured
device. However, the present design of the microchannel setup have so far fallen below
this goal. Our future works will focus on the following three points.

Single electron trapping

First and foremost, we need to enhance capabilities for charge manipulation in our
experimental setup. A new design of the microchannel device incorporated with other
submicron-scale single-electron traps is required. Fortunately, the trapping of the sin-
gle electron has already been demonstrated by several groups using a single-electron
transistor (SET) [0, 7, 89]. Moreover, employing a suitable microchannel geometry
might provide some advantages for charge manipulation, as was already demonstrated
by Rees et al. in experiments with a point contact device [16] and Lin et al. in a device
with spatially periodic electrodes [112].

Single-electron Rydberg states detection

Second, for the purposes of high-precision readout of the single-electron Rydberg states,
the coupling constant between an external RLC resonator with a higher quality fac-
tor and the experimental device must be carefully arranged. In addition, the device
geometry and materials used for fabrication should be carefully considered in order to
minimize the dielectric loss and the stray capacitance.

Spin-states detection

So far, detection of the spin states of SSE on liquid helium is a challenging task. One
potential solution is to couple the spin states to the Rydberg states, as discussed in
Section 1.8.2, which can greatly facilitate the spin-state manipulation and detection.
The microchannel devices are well suited for creating a sufficiently large gradient of an
applied magnetic field to realize the coupling between the spin states and orbital states
of SSE. For example, stripes of a ferromagnetic material, such as Cobalt or Permalloy,
can be easily fabricated by evaporation and placed along the channels. Magnetization
of the material in an applied uniform magnetic field would produce a nonuniform stray
field outside the material, while the close proximity of the stripes to SSE confined in the
microchannels can ensure that the field gradient experienced by SSE is sufficiently large.
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For example, our finite-element method (FEM) calculations show that 200-nm thick
stripes of Cobalt placed at the bottom of a 4-um deep channel filled with the superfluid
helium would produce a gradient on the order 1 mT /um near the liquid surface. This
would result in the difference between the Zeeman splittings for the ground state and
the first excited Rydberg state of SSE on the order 1 MHz. This is comparable to
the intrinsic linewidth of the corresponding Rydberg transition at temperatures below
1 K [70]. Note that in the present setup the observed large broadening of the resonance
is of orders of 10 GHz. This is due to inhomogeneous distribution of the pressing field
in the microchannel. It seems to be feasible to significantly reduce this broadening by
decreasing the width of the electron system in the channel. In particular, it has been
already demonstrated that such width can be reduced to effectively a single electron
across the channel |13, 113].
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