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Abstract

Carbon nanotube (CNT) mechanical resonators are unique systems

because they combine remarkable mechanical properties with rich charge
transport characteristics. Thanks to their intrinsically low-dimensional
nature, their mass is extremely low. The mechanical resonance fre-
quency reaches the GHz regime, can be widely tunable and they show
quality factor as high as several million. Nanotubes hold great promise
for sensing applications. Nanotubes are an excellent system to study
quantum electron transport, which range from Fabry-Pérot interfer-
ence to Coulomb blockade. These completely opposite regimes can
be very efficiently coupled to the mechanics, since the two degrees of
freedom, electrons and phonons, are embedded in the same system.
In the first section of this thesis we develop a detection scheme uti-
lizing a RLC resonator together with a low-temperature HEMT am-
plifier. This allows us to lower the current noise floor of the setup
and carry out sensitive electrical noisefpeasurements, demonstrating
a displaﬁment sensitivity of 0.5 pm/ Hz and a force sensitivity of
43 zN/  Hz. This surpasses what has been achieved with mechani-
cal resonators to date and paves the way for the detection of individ-
ual nuclear spins. We also improve the device fabrication enhancing
the capacitive coupling between mechanical vibrations and electrons
flowing though the nanotube.
In the second part of this work, we study the electron-phonon cou-
pling in CNT resonators in the Coulomb blockade regime and report
on the long-sought-after demonstration of the ultra-strong coupling
regime. Mechanical vibrations and electrons are so strongly coupled
that it no longer makes sense to think of them as distinct entities, but
rather as a quasi-particle: a polaron. First, we demonstrate that the po-
laronic nature of charge carriers modifies the quantum electron trans-
port through the device. In previous electromechanical devices, the
coupling was too weak to have any effect on the DC electrical conduc-
tance. Second, we show high tunability of polaron states by electro-
static means. This is something not possible to do with polarons in
other systems, such as bulk crystals. Notably, this interaction creates
a highly nonlinear potential for the phonon mode which establishes
nanotube resonator as a possible platform for the demonstration of
mechanical qubits.






Abstracto

Los resonadores mecénicos de nanotubos de carbono (CNT) son
sistemas tinicos porque combinan propiedades mecénicas notables con
ricas caracteristicas de transporte de carga. Gracias a su naturaleza in-
trinsecamente de baja dimensién, su masa es extremadamente baja. La
frecuencia de resonancia mecanica alcanza el régimen de GHz, puede
ser ampliamente ajustable y muestra un factor de calidad de hasta
varios millones. Los nanotubos son muy prometedores para las apli-
caciones de deteccién. Los nanotubos son un excelente sistema para
estudiar el transporte cuantico de electrones, que van desde la inter-
ferencia Fabry-Pérot hasta el bloqueo de Coulomb. Estos regimenes
completamente opuestos se pueden acoplar de manera muy eficiente
a la mecanica, ya que los dos grados de libertad, electrones y fonones,
estdn integrados en el mismo sistema. En la primera seccién de esta
tesis desarrollamos un esquema de deteccion que utiliza un resonador
RLC junto con un amplificador HEMT de baja temperatura. Esto nos
permite reducir el ruido de fondo actual del setup y realizar medi-
ciones de ruido eléctrico sengjbles, demostrando una sensibilidad de
desplazamiento de 0.5 pm/ Hz y una sensibilidad de fuerza de 4.3
zN/" Hz. Esto supera lo que se ha logrado con resonadores mecéni-
cos hasta la fecha y allana el camino para la deteccién de espines nu-
cleares individuales. También mejoramos la fabricacion del disposi-
tivo mejorando el acoplamiento capacitivo entre vibraciones mecéni-
cas y electrones que fluyen a través del nanotubo. En la segunda parte
de este trabajo, estudiamos el acoplamiento de electrones y fonones
en resonadores CNT en el régimen de bloqueo de Coulomb e infor-
mamos sobre el tan buscado después de la demostracién del régimen
de acoplamiento ultra fuerte. Las vibraciones mecénicas y los elec-
trones estdn tan fuertemente acoplados que ya no tiene sentido pen-
sar en ellos como entidades distintas, sino méas bien como una cuasi
particula: un polaron. Primero, demostramos que la naturaleza po-
larénica de los portadores de carga modifica el transporte cuantico
de electrones a través del dispositivo. En dispositivos electromecéni-
cos anteriores, el acoplamiento era demasiado débil para tener algtin
efecto sobre la conduccién eléctrica continua. En segundo lugar, mostramos
una alta capacidad de sintonizacién de los estados de Polaron por
medios electrostéticos. Esto es algo que no es posible hacer con los po-
larones en otros sistemas, como los cristales a granel. Notablemente,
esta interaccion crea un potencial altamente no lineal para el modo
de fonén que establece el resonador de tubos de resonancia como una
posible plataforma para la demostracién de qubits mecanicos.
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Chapter 1

Introduction

Miniaturized mechanical resonators have been proven to have a major
impact both on technological advancement and fundamental physical
research [1]. Micro-electromechanical resonators (MEMS) are widely
present in our everyday life. Gyroscopes and antennas in our smart-
phones (Fig.1.1(a)), accelerometers that trigger airbags in our cars (Fig.
1.1(b)), blood pressure sensors in hospitals are all MEMS-based de-
vices. Micro resonators have become nowaday essential tools to carry
out basic science research. A great example is the atomic force mi-
croscope (AFM) [2]. It consists of a micro-machined cantilever, with
an extremely sharp tip used to perform surface imaging. It is based
on resonance frequency shifts and amplitude oscillation modulations
which are induced by the surface local forces. This technique is one of
the most powerful imaging tools with the resolution pushed down to
subatomic scale [3]. Because of its versatility and the fact that it can be
easily operated in different temperature and pressure conditions, one
microscope was even sent to Mars to examine the ne detail structure
of soil and water ice samples (Fig.1.1(c)).

FIGURE 1.1: Examples of commercially available MEMS devices. (a) Part of a

gyroscope system embedded inside iPhone4 smartphones. (b) An accelerom-

eter sensor forming part of airbag systems present in every car. (c) The eight
sharp tips of the NASA's Phoenix Mars Lander's AFM sent to Mars.

The strength of micro- and nano-electromechanical resonators (NEMS)
is the possibility to couple them with other degrees of freedom with
an extreme ef ciency. Mechanical resonators have been coupled to
charges in single-electron transistors (SETSs) (Fig.1.2(a)) [4—12], microwave
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electromagnetic radiation [13, 14] (Fig.1.2(b)), superconductive qubits
[15], superconducing Ims [16] and super uids [17-19]opening new
horizons in quantum science and technology. In a ground-breaking
experiment of the group of Cleland, a mechanical resonator was cooled
in the quantum regime, that is, into its ground state [20], and was cou-
pled to a qubit, which was used to measure the quantum state of the
resonator.

On the other hand, the exceptional sensitivity of mechanical resonators
found a logical application in sensing experiments. These range from
mass detection [21, 22], to cantilever magnetometry [23, 24], to charge
sensing [4] and force-detected magnetic resonance (MRFM) [25]. In
this last class of experiments the physics of nuclear magnetic reso-
nance (NMR) is combined with the techniques of scanning probe mi-
croscopy.

In a typical MRFM experiment, a cantilever is used to detect mechani-
cally the very small magnetic force due to electron or nuclear spins in
the sample, which is generated by the interaction between these spins
and a strong magnetic eld gradient. This force can be probed follow-
ing different read-out schemes, which include periodically ipping
the spins by the means of an oscillatory magnetic eld using typical
NMR protocols. In a milestone experiment Rugar and collaborators
mechanically detected a single electron spin with an ultra-soft silicon
cantilever [26] (Fig.1.2(c)). Advances in micro- and nano-fabrication
of these 'top-down' resonators enables the improvement of their force
sensitivity [27], spacial resolution [28] and nanoscale magnetic reso-
nance imaging (MRI) [29].

FIGURE 1.2: Examples of nanomechanical resonators. (a) Scanning electron

micrograph of a device based on GaAs and aluminium structures, where the

mechanical resonator is coupled to a single-electron transistor[5]. (b) An alu-

minium electromechanical circuit consisting of a vibrating membrane coupled

to superconducting microwave cavity [14]. (c) Magnetic resonance force mi-

croscopy of a single electron spin with a NEMS cantilever containing a mag-
netic tip [26]

The push towards even smaller mechanical oscillators generated
close attention because of the outstanding mechanical properties of
these objects. Recently, extremely small and light nanoscale systems,
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such as levitated nanoparticles [30, 31] and carbon nanotubes (CNTSs)
[32, 33], hgve shown unprecedented force noise sensitivities approach-
ing 1zN/ ~ Hz (1zN=10 2N). In Fig.1.3(a), a CNT mechanical res-
onator in the doubly-clamped geometry is shown.

This value would be exactly the magnitude of the force generated by
a single nuclear spin in a typical MRFM experiment [34].

Carbon nanotube mechanical resonators have attracted consider-
ably attention in recent years. The high strength, the extremely low
mass and the rich transport physics enabled the realization of res-
onators with very interesting characteristics. Their mechanical reso-
nance frequency can be pushed in the GHz regime [35, 36], the quality
factor can reach very high values [32, 37] and the resonance frequency
is highly tunable [38] .

Moreover, it's known that for thermally limited mechanical force trans-
ducers the minimum detectable force is limited by the force noise spec-
tral density Sg = 4kBT% associated to the Brownian uctuation of
the resonator's position, where kg is the Boltzmann constant, T is the
modal temperature, M the effective mass,wy, the resonance frequency
and Q the quality factor. This expression indicates that resonators with
a small mass tend to be endowed with a weak thermal force noise. Be-
cause of their small mass, CNT resonators have been utilized as sen-
sors for mass [22, 39] and force [40]. Together with these exciting me-
chanical properties, carbon nanotubes possess unique electrical char-
acteristics. The ambipolar transport, in which the electrical current
is carried by either holes or electrons, have been coupled to mechan-
ics. Striking effects in such devices due to single-electron tunnelling
events, in the so-called Coulomb blockade regime [41], have been re-
ported for almost 20 years [6-8, 10, 42—-45]. In the opposite regime,
where the electrical conductance shows Fabry-Pérot electron interfer-
ence patterns [46], the dissipation is extremely low due to the ballistic
nature of the charge carriers enabling to reach very high mechanical
quality factor [32] (the two transport regimes are shown in Fig.1.3(b)).
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FIGURE 1.3: A CNT electro-mechanical resonator. (a) Scanning electron mi-

croscopy image of a CNT mechanical resonator clamped between two metal

electrodes and suspended and vibrating above a gate electrode. (b) Electri-

cal conductance as a function of the DC gate voltage measured at the base
temperature of our dilution refrigerator.

My Ph.D thesis work nds his motivation in all these intriguing
experimental phenomena. In this dissertation we want to explore the
vast possibilities offered by CNT mechanical resonators at low tem-
peratures. First, we develop a read-out scheme that allows us to carry
out ultra-sensitive measurements, and to demonstrate the great per-
formances of CNT resonators as force sensors. Secondly, we investi-
gate the electron-phonon interaction in a new regime where the cou-
pling between vibrations and electrons is ultra-strong, and the restor-
ing mechanical potential is highly nonlinear near the quantum regime.
An outline of the thesis is given below:

Chapter 2 gives a brief introduction on the main theoretical con-
cepts to understand the basic dynamical properties of nanome-
chanical resonators.

Chapter 3 provides a basic introduction of the electron transport
in carbon nanotube based quantum dots.

Chapter 4 discusses the implementation of the low-noise read-
out scheme and the measurement of force and displacement noise
performances in CNT mechanical resonators.

Chapter 5 investigates the formation of polarons in CNT-based
SET mechanical resonators and the related effects on the me-
chanics and electron transport.
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Chapter 2

Basics of nanomechanics

In this chapter we brie y review the basics of nanomechanics and in-
troduce essential concepts to understand the mechanical properties of
nanoresonators. First, we start with the model of a simple harmonic
oscillator with an external coherent drive. We then describe its re-
sponse to incoherent uctuating thermal forces. We mention the non-
linear response of a Duf ng oscillator. We conclude discussing the
mechanics of a double clamped beam in the context of continuum me-
chanics model, which is a good approximation for the description of a
carbon nanotube mechanical resonator.

2.1 The linear harmonic oscillator with coher-
ent driving

The simplest way to describe the motion of a mechanical resonator,
with an arbitrary geometry, is to use the concept of a harmonic oscilla-
tor. In absence of damping and external driving a harmonic oscillator
is subject to the force: F =  kz(t), where z(t) is the displacement and
k is the mechanical spring constant.

According to the Newton's second law, we get:

d?z(t) _

F= meﬁidtZ = kZ(t), (21)

where mgg is the effective mass of the nanomechanical oscillator. The
effective mass can be lower than the physical mass of the resonator.
The solution of the equation 2.1 results in:

z(t) = zg exp( iwmt + if) (2.2)
where wp, is the mechanic&ll angular resonance frequency of the oscil-

lator, also given by wy, = mieﬂ Zg and f are the initial values for the

amplitude and the phase of the motion.
However, in a realistic situation the interaction with the environment
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has to be taken into account. This interaction expresses itself through
a force dF and dissipation Gy. The equation 2.1 can be written as:

d?z(t)

dz(t
Mett —qz * kz(t) + MeftGn () -

S = R (2.3)

where Gy and dF are related through the uctuation-dissipation theo-
rem. In the case of a coherently driven harmonic oscillator, assuming
a weak sinusoidal drive dF(t) = F;cos(wgt) with Fy4 the driving am-
plitude and wy the driving frequency, the equation can be solved with
the ansatz in the equation 2.2 where f is now the phase difference be-
tween the mechanical motion and the driving force. The driving fre-
guency dependent amplitude and phase response take the following
forms:

2(wg) = 9 g ! (2.4)
Mett (W2 W2)2+ ( GuWg)?

GnWy
f (wg) = arctan ——— 2.5
The amplitude of the motion is maximum at resonance ( Wq = Wp).
There the mechanical motion and the drive acquire a phase difference
of p/2 (see Fig.2.1). Before nishing this section, we want to intro-

FIGURE 2.1: Amplitude and phase response of a harmonic oscillator as a func-

tion of coherent driving force. At resonance (w = wp,) the amplitude reaches

amaximum and itis p/2 out of phase with the driving force. Panel is adapted
from [47]

duce a very important gure of merit that characterizes a mechanical
resonator, the quality factor Q. It quanti es the interaction between
the resonator and its environment, which induces the damping of the
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