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Introduction, motivation

The discipline of quantum information has emerged in the 1970s, when the

concept of quantum computer was born. This machine, in contrast with clas-

sical computers, is based on quantum mechanical two-level systems, called

qubits, that are controlled by a sequence of quantum mechanical operations.

The main motivation of quantum information processing is the existence of

certain problems (prime factorization, search in an unsorted database, etc.),

which can be solved more e�ciently by quantum algorithms than by the known

classical ones.

In my thesis, I focus on electrons con�ned electrostatically in a certain

region, called quantum dot, of a carbon nanotube. In semiconducting carbon

nanotubes, the conduction band has two disjoint minima, so-called valleys,

therefore, both the spin and the valley degree of freedom of an electron can

be considered as a qubit. In a clean nanotube quantum dot at zero magnetic

�eld, the strong spin-orbit coupling splits the fourfold degenerate ground state

into two doublets. The low-energy doublet is a special two-level system, called

Kramers qubit, whose basis states have opposite spin orientation and di�erent

valley index. The motivation of this choice is that Kramers qubits are robust

against certain information loss mechanisms.

Let us list the advantages of the carbon nanotube quantum dots against

the extensively studied GaAs-based quantum dots. First, carbon nanotubes

have almost zero nuclear spin, hence hyper�ne interaction causing information

loss can be neglected. Furthermore, a nanotube suspended at its two ends

forms a high-quality mechanical resonator, in which a strong coupling emerges

between phonon modes and quantum-dot states. This allows for spin-based

motion sensing, constructing two-qubit logical gates, or mechanical readout of

spin-based qubits. Apart from the fact that a device based on an ultraclean

carbon nanotube is e�ortful to fabricate, due to the listed advantages these

devices are extensively studied experimentally and also theoretically in the

last decades.

A quantum computer needs to be able to initialize, manipulate (typi-
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cally with quantum gates) and read out qubits. In this thesis I investigate

the physical mechanisms allowing the completion of these tasks in carbon

nanotube quantum dots hosting Kramers qubits. Single-qubit logical gates

can be realized by ac electric �eld induced qubit oscillation, known as Rabi-

oscillation. Readout of the qubit can be achieved by the qubit-charge con-

version using the Pauli blockade mechanism. This mechanism is a char-

acteristic feature if electrons �ow through a double quantum dot via the

(1, 1) → (0, 2) → (0, 1) → (1, 1) cycle of charge con�gurations, where (n,m)

stands for states with n electrons in the �rst and m electrons in the second

quantum dot. If a spin-triplet state is occupied in the (1,1) charge con�gu-

ration, then Pauli's exclusion principle prevents the (1, 1)→ (0, 2) tunnelling

process and thereby blocks the current �ow. This simple mechanism allows

for initialization and readout of spin states via current or charge sensing mea-

surements in a serially coupled double quantum dot.

One major goal of my thesis is to provide understanding of recent experi-

ments that explore the Pauli blockade transport e�ect and electrically driven

qubit dynamics in nanotube quantum dots.

Model setups, applied methods

In the thesis I consider the four lowest-energy state of the single electron

occupied in a quantum dot. The corresponding Hamiltonian describes the

strong spin-orbit coupling and spin- and valley Zeeman terms induced by the

external magnetic �eld. Furthermore, I take into account a valley-mixing term

induced by short range impurities or electron-electron interaction. At low

magnetic �eld the two lowest energy time-reversed pair, the Kramers qubit, is

well separated in energy from the higher-energy states. Therefore, a projection

according to Flensberg and Marcus (Phys. Rev. B, 81 195418, 2010) results in

an e�ective Hamiltonian acting on the relevant two-dimensional ground state.

To describe the case of a curved nanotube, I generalized this method for any

direction of the nanotube axis.

To calculate the leakage current through a double quantum dot embedded

2



in a carbon nanotube, I use the classical master equation (rate equation), and

build on the theory for GaAs spin-blockade by Jouravlev and Nazarov (Phys.

Rev. Lett., 96 176804, 2006). Simplicity, I consider spin- and valley-conserving

interdot tunneling. The shot noise of the leakage current is calculated accord-

ing to Bagrets and Nazarov (Phys. Rev. B, 67 085316, 2003).

In the case of coherent control of spin and Kramers-qubit, the Rabi-

frequency as a function of the driving amplitude was calculated in the lit-

erature only perturbatively, which is appropriate only at weak driving �elds.

I study electric �eld induced spin dynamics of a single electron con�ned in a

quantum dot in the presence of short-range impurities, which induce a spatially

disordered magnetic �eld. To calculate the Rabi frequencies in the strong-

driving regime, I perform a transformation to the reference frame co-moving

with the driven electron, and rely on the rotating wave approximation.

Thesis points

1. Pauli blockade in a carbon nanotube double quantum dot [1, 2]

I theoretically study the Pauli blockade transport e�ect in double quantum

dots de�ned electrostatically in straight and bent carbon nanotubes.

• I have calculated the leakage current as a function of model parameters

(g-tensor, spin-orbit splitting, valley-mixing matrix elements, magnetic

�eld, etc.).

• I have shown that the valley-mixing can completely lift the Pauli-blockade

and hence induces a large leakage current if the external magnetic �eld

approximately transverse to the tube axis.

• I have generalized the model and the results obtained for the straight

nanotube, to the case of a bent nanotube.

• I have compared my results with a recent experiment [F. Pei et al., Nat.

Nanotech 7, 630 (2012)], where the magnetic �eld dependence of the
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leakage current was measured through a double qunatum dot. Tuning

the model parameters I could reproduce some of the characteristic exper-

imental features. I have deduced parameters of the experimental setup,

such as the g-factors for both quantum dots, the absolute value and the

relative phase of the valley mixing matrix elements, and the de�ection

angle characterizing the bent shape of the nanotube.

2. Pauli-blockade magnetometry

I have shown that a double quantum dot tuned to the Pauli-blockade regime

can be used as an e�cient magnetometer. The leakage current �owing through

the quantum dots is highly sensitive to the external magnetic �eld, so the

device can be used to measure magnetic �elds via the electrical current. The

magnetic-�eld sensitivity in such devices is fundamentally limited by the shot

noise of the transferred electrons.

• I have pointed out that the leakage current in a bent carbon nanotube

double quantum dot can be especially sensitive to small variations of the

external magnetic �eld.

• To determine the magnetic-�eld sensitivity of such a magnetometer, I

have calculated the shot noise of the electrons �owing through the de-

vice. For realistic parameters, I have shown that the shot-noise-limited

magnetic-�eld sensitivity can be of the order of (10-100) nT/(Hz)1/2.

Because of the small detection volume, such a nanotube-based magne-

tometer might achieve nanoscale spatial resolution. As nanotube quantum

dots have already proven to be useful as scanning-probe electrometers, they

might serve as hybrid sensors, that is, sensors having in situ switching capa-

bility between electrical and magnetic sensing.
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3. Electrically driven spin resonance [3]

I theoretically study electric �eld induced spin dynamics of a single electron

con�ned in a quantum dot in the presence of external magnetic �eld. In my

model the spin dynamics is induced by the interplay of a spatially disordered

magnetic �eld that is perpendicular to the homogeneous magnetic �eld, and

an ac driving electric �eld.

• I have shown that the spin dynamics in the studied model resembles

Rabi oscillations, well known from magnetic resonance.

• I have shown that electrically driven spin resonance can be induced in

this system not only by driving at the fundamental resonance, but also

by subharmonic driving, i.e., if the excitation frequency is an integer

fraction (1/2, 1/3, etc) of the Larmor frequency.

• I have calculated the Rabi frequencies at the fundamental and subhar-

monic resonances, as functions of the strength of the driving ac elec-

tric �eld. At strong driving I have found that the Rabi frequencies at

the subharmonic resonances are comparable to that at the fundamental

resonance. Furthermore, the Rabi frequency is not a monotonically in-

creasing function of the driving strength, but after an optimal strength

it starts decreasing.

• I have applied my model to describe electrical control of a Kramers qubit

in a weakly disordered carbon nanotube. For realistic parameters I have

estimated the time scale of single-qubit logical gates (1 ns).
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