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Conventional computing faces a huge technical challenge as traditional transistors will soon
reach their size limitations. This will halt progress in reaching faster processing speeds and
to overcome this problem, require an entirely new approach. Quantum computing (QC) is
a natural solution offering a route to miniaturisation by, for example, storing information in
electron or nuclear spin states, whilst harnessing the power of quantum physics to perform
certain calculations exponentially faster than its classical counterpart. However, QCs face
many difficulties, such as, protecting the quantum-bit (qubit) from the environment and its

irreversible loss through the process of decoherence.

Hybrid systems provide a route to harnessing the benefits of multiple degrees of freedom
through the coherent transfer of quantum information between them. In this thesis I show
coherent qubit transfer between electron and nuclear spin states in a N@QCg, molecular
system (comprising a nitrogen atom encapsulated in a carbon cage) and a solid state system,
using phosphorous donors in silicon (Si:P). The propagation uses a series of resonant mi-
crowave and radiofrequency pulses and is shown with a two-way fidelity of around 90% for an
arbitrary qubit state. The transfer allows quantum information to be held in the nuclear spin
for up to 3 orders of magnitude longer than in the electron spin, producing a '"N@Cg, and
Si:P ‘quantum memory’ of up to 130 ms and 1.75 s, respectively. I show electron and nuclear
spin relaxation (77), in both systems, is dominated by a two-phonon process resonant with
an excited state, with a constant electron/nuclear T ratio. The thesis further investigates
the decoherence and relaxation properties of metal atoms encapsulated in a carbon cage,
termed metallofullerenes, discovering that exceptionally long electron spin decoherence times

are possible, such that these can be considered a viable QC candidate.
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Introduction to Quantum Information

Processing (QIP)

1.1 Introduction

Classical silicon based computers have advanced at a relentless rate in the quest for
more processing power. Moore’s law accurately describes this exponential growth,
observing that the number of transistors per chip is doubling every 18-24 months.!
However, Moore’s law is clearly not sustainable and at some point the limit to minia-

turisation must be met, certainly when transistors are atomic in size. On this scale,

1Originally Moore in 1965 predicted the doubling of the number of transistors per chip every 12
months, this was revised in 1975 to every 24 months and allegedly by a colleague to 18 months.
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the classical principles that govern a Church-Turing machine? will no longer be valid
and quantum mechanics must be taken into account. This allows us to produce a new
kind of computer, the quantum computer (QC), which has the potential to perform

certain tasks exponentially faster than its classical counterpart.

The concept of a quantum computer was proposed by Feynman [Fey82] in 1982 with
the premise of using it to simulate quantum mechanical systems. It later became
clear that quantum computing could promise significant improvement over its classical
counterpart for a number of applications. The first example of this was shown by David
Deutsch [Deu85] in 1985 who explored the use of quantum mechanics in a computer, but
for a somewhat artificial problem. It was not until 1994 that Shor’s algorithm [Sho94]
was developed with the ability to factorise large integer numbers, that the promise of
quantum computing was truly appreciated. The inefficiency of this type of factorisation
using a classical computer® forms the basis of much of today’s cryptography, hence the
algorithm significantly increased interest in the area. Further applications in which it
is believed quantum computing will show an improvement in efficiency over classical

computing includes solving discrete logarithms [Sho94] and database searching [Gro99].

1.2 Building a quantum computer

1.2.1 The qubit

The fundamental element of a quantum computer is the quantum bit or qubit. It
is analogous to the classical bit in that it must reliably distinguish two orthogonal
states often represented as |0) and |1). However, the qubit actually allows an infinite
possibility of states and hence contains much more information than a simple bit. The
qubit states can be represented by the Bloch sphere, shown in Figure 1.1, whereby the

poles represent |0) and |1) and the sphere surface the states given by a superposition of

2A ‘classical’ computer often abbreviated to a Turing machine.
3By any known classical algorithm.
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1)

0)

FiGURE 1.1: Bloch sphere with two decoherence mechanisms 77 and 75 as described in
Section 1.2.2.

both |0) and |1) described by [¢) = «|0) + §|1), where o and § are complex numbers.
Using the Bloch sphere notation this can be written using just two free parameters 6

and ¢, Equation (1.1), where 0 < 6 <7 and 0 < ¢ <27

) = cos () 0)-+sin (5 ) st (1)

The power of the qubit becomes apparent when considering multiple qubit systems.
A two qubit system is given by |[¢)) = a«a|00) + af|01) + Ba|10) + G5 |11) with
the number of coefficients scaling exponentially with the number of qubits, such that
an N-qubit system is described by 2V coefficients*. However, most of the quantum
information stored within the wavefunction amplitudes will be lost due to the collapse

of the wavefunction during measurement. Therefore in order to gain an advantage over

4the Hilbert (vector) space is described by 2V coefficients in general but only if entangled states
are considered. Without entanglement, the number of coefficients needed is 2N and the exponential
enhancement is lost. A K-dimensional Hilbert space can be described by just Kx(K-1)/2 complex
numbers and K real numbers, and with only 2 qubits an infinite number of entangled states are found
(i.e. |00) 4+ expi¢ |11) are entangled for any value of ¢).
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classical computing the qubit must be manipulated without measurement®. This is the
basis of quantum parallelism as employed by quantum algorithms, such as those shown

by Deutsch [Deu85], Shor [Sho94] and Grover [Gro99].

1.2.2 QIP qubit criteria

Implementation of a quantum computer requires five (plus two) main criteria to be

met, as identified by DiVincenzo [DiV00]:

1. A scalable physical system with well characterised qubits: To describe
a qubit, a quantum two level system is required. The qubit must further be scal-
able to multiple qubits systems with, for example, the ability to form entangled states
(discussed further in Section 1.4). DiVincenzo points out that this is not completely
straightforward as acceptable single qubit systems may not be able to produce multiple
qubit entanglement e.g. one-electron quantum dots (due to super selection principles).
In order to manipulate qubit states they must be ‘well characterised’ such that the in-
ternal Hamiltonian (hence energy eigenstates, often representing the |0) and |1) states),
external interactions and couplings are known. Furthermore, the qubit should have a
very low probability of excitation to any higher (energy) levels present, as this would

be catastrophic to the qubit states.

2. The ability to initialise the state of the qubit: A computation requires the
initial value of the state to be known before commencing and error correction further
requires this state to be of low entropy, namely the state |0). The initialisation of the
system must also be quick compared to the manipulation time. This is a problem for
many proposals as initialisation is often slow via cooling or magnetic alignment tech-
niques. Slow initialisation will also be problematic for implementing error correcting

codes which require a continuous supply of |0) state qubits.

3. Long coherence times, much longer than the gate operation time: Deco-

herence is a fundamental process of a quantum system marking the onset of classical

5This does not apply to ‘one-way’ or measurement based QC, discussed in Section 1.6.
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behaviour. The relevant decoherence time is therefore effectively a measure of how
long information can be held in a system before it is irreversibly lost. Using the Bloch
sphere two decoherence times are observed, T}, a measurement of the corruption in 6
and T, a measurement of the corruption in ¢. Naming convention varies for these and
although both lead to decoherence, I will refer to T3 as the decoherence (coherence)
time and 77 as the relaxation time. 75 merits particular attention as it does not require
energy exchange with the environment and hence is generally the shorter of the two.
The discovery of error correcting codes [Sho95, Ste96] allows for some probability of
decoherence during computation, without destroying the ability of the quantum com-
puter to perform a calculation. It was further shown that ‘good’ error correction codes
could be implemented [CS96] and that fault tolerant quantum error correction (QEC)
could be achieved [DS96, Pre98]. This relies on a number of ancillary qubits to detect
and correct information that has decohered, without interfering with a computation.
To allow QEC, the minimum decoherence time must be at least 10% — 10° times longer
than the time in which it takes to manipulate the qubit i.e. the gate time. However,
it is preferable to have longer decoherence as this simplifies QEC and the associated

number of ancillary qubits.

4. A ‘universal’ set of quantum gates: Classical computers use a set of logic
operations or gates to perform a computation, the simplest of which is the NOT gate
converting |1) to |0) and |0) to |1). Similarly, to perform quantum algorithms a set of
quantum gates are required that cover all logic operations and thus are ‘universal’. This
corresponds to two single qubit gates giving rotations about any two axes of the Bloch
sphere and subsequently, using Euler decomposition, any arbitrary rotation around the
Bloch sphere. To make the set universal a final two qubit gate [BBC95] is needed such
as the control-NOT or control-phase which is often applied by the turning on and off
of qubit-qubit interactions. The application of gates varies with the qubit architecture

and is explored in more detail in Chapter 1.4.

5. A qubit-specific measurement capability: To complete a computation the

output of a qubit must be read with high efficiency. If a high efficiency cannot be
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achieved then rerunning or ‘copying’ of qubits can be implemented® or alternatively
computing can be conducted on an ensemble of qubits simultaneously (see Section 1.3).
However, single spin detection is desirable in order to scale the number of qubits and,

although challenging, most QIP schemes rely on such readout.

DiVincenzo also cites two further criteria primarily for quantum communication, (6.)
the ability to interconvert stationary and flying qubits and (7.) to faithfully
transmit these flying qubits. Here ‘flying’ qubits simply refer to qubits that will
travel from one desired location to another in order to transmit quantum information.
However, a quantum computer may employ flying qubits to transmit information be-
tween smaller qubit arrays in order to limit decoherence or for qubit-qubit interaction

to implement two qubit gates [BABO6].

1.2.3 QIP proposals

To date, no QIP proposal has been produced that completely fulfils all the criteria in
Section 1.2.2. Nevertheless, a number of different qubit systems have been suggested.
These include nuclear spin [CFH97, Kan98], electron spin [Kan98, L1093], electronic
configuration [CZ95], photon polarisation [CY95] (cavity QED) [SW95], superconduct-
ing circuits [PAGHMO07], Bose Einstein condensates [CZ02] and the presence or absence
of an exciton [BAZR02|. These proposals possess advantages and disadvantages with
respect to the DiVincenzo criteria, for example, nuclear spins have very long deco-
herence times and so are perfect for criterion 3 but do not fulfil criterion 1 or 2 (see
Section 1.3). The Los Alamos Quantum Computing Roadmap [LANL] extensively ex-
amines the viability of some major proposals and a summary is given in Figure 1.2.
However, these are very general areas and break down into further sections. For in-
stance, superconducting circuits can use either ‘flux’, ‘charge’ or ‘phase’ qubits resulting
in different properties. Furthermore, proposals may be viable within DiVincenzo’s cri-

teria but drawbacks may mean other systems may be more preferable. For example,

5The no-cloning theorem prevents actual copying of a qubit state [WZ82].
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The DiVincenzo Criteria
Qc Approach Quantum Computation QC Networkability

#1 #2 #3 #4 # #6 #7
NMR & %) %) ) ) ‘ & &
Trapped lon @ @ @ @ @ @ @
Neutral Atom @ @ @ @ @ ‘ @ @
Cavity QED @ @ @ @ @ @ @
Opica ©  ®& | & e | & & | &
Solid State %) © o &) o ‘ & )
Superconducting @ @ @ @ @ 6 6
Unique Qubits This field is so diverse that it is not feasible to label the criteria with “Promise” symbols.

Legend: @ = a potentially viable approach has achieved sufficient proof of principle
@ = a potentially viable approach has been proposed, but there has not been sufficient proof of principle

6 =no viable approach is known

FiGURE 1.2: The Los Alamos Quantum Computing Roadmap, where #x refers to Di-
Vincenzo’s criteria and large general proposals are considered [LANL]. Copyright 2011 Los
Alamos National Security, LLC All rights reserved.

a superconducting flux qubit has a decoherence time in the order of us [BCBO05], this
is on the limit of error correction with gate times of the order of ns and hence may
be viable, but would require many ancillary corrective qubits. The choice of architec-
ture the qubit can be implemented into also varies as will be apparent in Section 1.3.
Schemes range from those similar to a classical computation employing gates [Kan98],
to those that use flying qubits and global control [BABO6]. Choice of a qubit system
is complicated and predicting which of these may finally provide a quantum computer

is not straightforward.

1.3 Spin Systems for QIP

1.3.1 Nuclear and electron spin systems

Using the nuclear or electron spin is a logical way to represent a qubit, with the Zeeman
energy splitting in an applied magnetic field providing a natural two level quantum
system. The differing energy levels of the aligned or anti aligned magnetic moment

(spin ‘up’ or ‘down’) can refer to the states |1) and |0) respectively. The Zeeman energy
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splitting is given by u,g, By for a nuclear spin system and pgg. By for an electron spin
system where p,, and pup are the nuclear and Bohr magnetons, g, and g, are the nuclear
and electron spin g-factors and By the applied magnetic field. However, the Zeeman
splitting for a 'H nuclei is 658 times weaker than that of an electron spin (due to a
smaller magnetic moment), with other nuclei even weaker e.g. 1624 times smaller for a
3P nuclei, as exploited within this thesis. The Zeeman splitting can be addressed with
a resonant microwave field (GHz) for an electron i.e. electron paramagnetic resonance
(EPR) or radiofrequency (MHz) for a nuclei i.e. nuclear magnetic resonance (NMR).
Applying a continuous resonant ac field will drive transitions between |0) and |1) to
give sinusoidal Rabi oscillations. A one-qubit gate can thus be performed by applying

a resonant field for a given time equal to half a Rabi period (a 7 pulse).

The use of NMR for QIP was quickly established as a promising technique due to the
existing expertise within the area. However, the small Zeeman splitting for nuclei poses
a fundamental problem for initialisation of nuclear spins to a pure state at experimental
temperatures and fields, p,g9rBy < kT (thermal energy). Hence, the nuclear qubit,
using standard NMR to initialise” almost immediately fails DiVinenzo’s 2nd criterion
for a QIP proposal. Fortunately, this can be combated by producing a pseudo-pure
initial state such that populations of all states except the ground state are equalised®.
This can then be separated into two components to give a pure ground state and a
component proportional to the Identity matrix which is unchanged under manipulation
and thus can be ignored. Standard NMR is furthermore an ensemble technique acting
on many nuclei, with measurement of the nuclear magnetic moment (i.e. a small
magnetic field) and hence a number of moments are needed to create a field large
enough to be detected. Thus, a readout sensitivity of 10'# spins is produced, far short
of the single qubit detection required by DiVinenzo’s 5th criterion. This rendered
NMR QIP impossible until the advent of ensemble quantum computing in 1997 by
Cory et al. [CFH97] and simultaneously Gershenfield and Chuang [GC97]. Ensemble

QC makes use of the spins in individual molecules as independent quantum computers

"through cooling to a ground state |0) population.
8Ultimately, with a few exceptions this only allows the classical simulation of quantum algorithms.
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with NMR addressing all spins simultaneously’. Readout is then of the ensemble
average expectation value of the observable rather than the measurement of |0) or |1),
though this is sufficient to perform most QC algorithms. NMR QC, having overcome
these hurdles, ultimately fails at criterion 1, the scaling up of the qubit system being
limited with current technology to a maximum number of around 10 qubits. This limit
arises from the trade off in using a pseudo-pure initial state, whereby the effective
qubit signal gets exponentially weaker with an increasing number of qubits in the
system. Nevertheless, NMR has given the largest QC to date of 7 qubits and shown
the successful implementation of Shor’s algorithm, factorising 15 into 3 and 5 [VSBO1].

EPR appears completely analogous to NMR except that it is acting on an unpaired
electron spin rather than a nuclear spin. However, EPR crucially offers significant
advantages over NMR as a result of the greater Zeeman energy splitting. The energy
separation of the qubit states can be greater than the thermal energy (u,g;By >
kET) and so a pure initial state can be achieved resulting in no loss in sensitivity (in
contrast to the pseudo-pure initial state). Furthermore, the larger magnetic moment
of an electron compared to a proton gives a detection limit of 10'° spins. Overall
this results in an achievable qubit system of approximately 23 qubits under standard
experimental parameters and although significantly more than NMR QC will still fall
short of the estimated 50-100 qubits to show real improvement over classical computing.
The electron spin also suffers from much faster decoherence times compared to the
nuclear spin, an essential element outlined in DiVincenzo’s 3rd criterion, due to a
stronger interaction with the environment. However, the gate times for EPR are in the
order of ns, compared to that of NMR in the order of us, and so with careful choice
of the electron system, error correcting may be readily applicable (gate time > 1074 x
decoherence time) and much of the nuclear spin advantage is lost. The use of EPR (and
NMR) for QIP is clearly limited as an ensemble technique but they can be applied to
single spins with readout via another mechanism and hence have generated a plethora

of spin proposals.

9i.e. a system of many molecule containing 10 nuclear spins will give a ten qubit QC.
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1.3.2 Spin proposals

Spin proposals range in architecture and include electrons within quantum dots [LD98],
ion traps [CZ95, Ste97], on molecules contained inside fullerenes [BABO06], in semicon-
ductors [Kan98, BELO0OQ], at diamond NV~ centres [JGP04b, Chi06] and even on the
surface of liquid helium [Lyo06]. The following paragraphs will summarise some of
these proposals, then two proposals, directly relevant to the experimental results of
this thesis, will be explained and evaluated in more detail in Section 1.3.3 and Sec-

tion 1.3.4.

@ Q.0 & NYARY,

[ ] [ ] [ J [} [ ]
-~ - Eanm o -~ —
(b) ————  me==m== le,> leq>
i) iii)
i)
lg>

FIGURE 1.3: (a) Schematic of the ion trap proposal, the ions are confined in a linear trap
and interact with different laser beams (b) Energy level diagram showing |g) and |e) qubit

states with single qubit rotations (i) and (iii) and two qubit rotations (ii) where |e), refers

to the nth ion in the trap. The laser interaction is used to control the qubit rotations and is
tuned with the ion vibrational modes to produce a centre-of-mass quantised oscillator (and
the states |0),,, and [1)_,.). Reprinted with permission from [CZ95]. Copyright 1995 by the
American Physical Society.

The use of ion traps for QIP was proposed by Cirac and Zoller [CZ95] in 1995 and is
now considered a relatively mature implementation. In this proposal, internal electronic
states are used as the qubit but effectively the nuclear spin hyperfine states, ||) and |1),
can also be used [MMK95]. The scheme uses a string of cold ions individually held by
either electromagnetic (Penning) or radio frequency (Paul) traps. The qubit states, |0)
and |1), are defined as the ground state |g) and a long-lived metastable excited state,
often denoted |e). One-qubit gates can therefore be performed by addressing Raman
transitions with resonant laser light. Readout of the system is via state selective

fluorescence, for example a laser tuned to the transition between |g) and a short-lived
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excited state, |¢/) (not shown in the figure), will cause continual absorption and re-
emission of the |g) state only. The application of a two qubit gate relies on the Coulomb
repulsion between ions which results in a coupled vibrational mode of the string of
ions. Light carries not only energy but also momentum and thus laser interaction
with an ion results in an exchange of momentum and ion recoil. Subsequently, laser
interaction tuned with the vibrational mode will result in coherent recoil of all ions
(Mossbauer effect) and a centre-of-mass (cm) quantised oscillator. This gives rise to
two quantum states of interest, the ground state |0),,, and the first vibrational mode
|1),,,, which can be used to induce interaction between the ions. An example would be
an ion cooled to the |0), = state with a resonant laser pulse on the |e) — |g) transition
also causing the |0),,  — |1),, transformation. Hence, whilst the |g) |0}, state is
unchanged, |e)|0),, — —ilg)|1),, and information originally stored on a single ion
is transferred to the collective mode of all ions. The ion system is highly isolated
with long decoherence times and is potentially scalable. Current developments use
an array of small ion trap registers arranged on a substrate using lithography rather
than a single linear trap of ions, vastly simplifying manipulation difficulties. This type
of scheme was proposed by Kielpinski [KMWO02] and uses a ‘quantum charge-coupled
device’ to confine and manipulate a few ions in a trap, whilst allowing others to move
and communicate between traps. Steane [Ste07] produced a detailed proposal based
on Kielpinski architecture for a 300 qubit system employing 13000 ions and 1000 laser
beam pairs. This scheme is theoretically possible, with some efforts working towards
scale up [BW08, HHJ09], but many factors still must be overcome and other problems

such as the effect of ion heating have yet to be determined on this scale.

A diamond nitrogen-vacancy (NV ™) centre can be used for QIP [GODO06], comprising
a substitutional nitrogen atom with an adjacent vacancy and associated electron spin.
The centre has a long lived triplet state which can be used to address the physical qubit
via the ground state (*A) to first excited state (*E) optical transition. Figure 1.4 shows
how standard microwave manipulation can be used for the physical qubit, with optical

polarisation and fluorescence of the 3A mg=0 state for initialisation and (single spin,
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FIGURE 1.4: NV~ energy level structure. The grey line corresponds to the unused 3E
mg==1 sublevels. Reprinted with permission from [JGP04b]. Copyright 2004 by the Amer-
ican Physical Society.

single-shot) readout [JGP04b, NBS10]. The electron spin exhibits very long 75 times of
350 ps at room temperature [GDPO06] which have recently been improved using isotopi-
cally pure >C diamond containing no environmental nuclear spins to 1.2 ms [BNT09].
Thus, the NV~ centre has sparked much research in recent times but problems arise in
coupling due to the limited control of implantation into diamond or growth by chem-
ical vapour deposition (CVD). Two qubit coupling has been demonstrated using: the
naturally abundant 3C nuclear spin resource [JGP04a, DCJ07], which have also been
entangled [NMRO8]; Ny implantation to give NV~-N pairs [GDP06] and impressively by
neighbouring NV~ centres [NKN10]. However, realistically spin-light coupling, which
has recently been shown [BFBA10], or ‘flying’ qubits may need to be employed for
multiple qubit schemes [GODOG6].

A quantum dot can contain a 3-D confined exciton (electron hole pair) within a semi-
conductor material where the exciton exhibits properties akin to a 'H atom. The first
quantum dot scheme was published in 1998 by Loss and DiVincenzo [LD98] and is
based on exchange interaction within a double quantum dot. The qubit is given as
the spin of the excess electron on a single-electron quantum dot and manipulation
is as previously described with addressing via local magnetic fields or alternatively
through an electric field. Two qubit manipulation occurs through electrical gating,

controlling the tunnelling barrier between neighbouring quantum dots such that a high
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voltage prevents tunnelling and a low voltage provides transient Heisenberg spin-spin

coupling:

H,(t) = J(t)S;. 5, (1.2)

This will describe the coupling accurately only under certain conditions [LD98] and
where J(t) is the time-dependent exchange constant and S; the Pauli spin opera-
tor for i. Readout can be through ‘spin-valves’ to another quantum dot, converting
spin to a ‘readable’ charge or alternatively spin blockade phenomena could be har-
nessed [OATTO02]. Other proposals make use of the exciton electric dipole coupling to
address the physical spin qubits through optical Raman transitions and a single micro-
cavity mode. Using these longer range interactions is perhaps more feasible for scale
up and a 100 qubit scheme was suggested by Imamoglu [TAB99] with details of one
and two qubit gate implementation. However, within quantum dots the decoherence
time is limited by interaction with the surrounding nuclear spins giving 75 times on the
order of us, suitable for quantum error correction but shorter than many other qubit

alternatives.

The principle material for quantum dot production is GaAs which contains many nu-
clear spins and has a short decoherence time of ~10 ns [JPT05, PJT05]. This was
improved by Johnson et al. [JPT05] by application of a mT magnetic field and further
by Petta et al. [PJT05], using pulsed EPR to produce a Ty exceeding 1 us. Another
solution to improve decoherence times would be to choose a material that has fewer
nuclear spins. This was proposed by Friesen et al. [FRS03] where a SiGe alloy is used
for confinement and electrons are contained in nuclear spin free 2®Si layer. Recent work
has focused on this material with the observation of coherent spin phenomena [KSEQ7]
and lifetime-enhanced spin blockade for readout [SST08]. However, silicon has a com-
plex band structure and so practical implementation is difficult and results are hard to
conclusively determine. A different approach is to take 2*Si and implant donor nuclear

spins in the bulk system as the qubit, as described in one of the most significant QIP
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schemes now known as the Kane proposal [Kan98g].

1.3.3 Phosphorous doped silicon and the Kane proposal
3P doped Si

Donor 3'P atoms in a silicon matrix provide a nuclear spin qubit and an associated
Coulomb potential bound electron (qubit) at low temperatures. This allows the choice
of an electron and /or nuclear spin qubit system integrated with the advances of existing
silicon technology allowing preparation of highly pure defect-free samples. Natural
silicon is 95.4% 28Si (of no nuclear spin), with a 4.6% natural abundance of 2Si,
possessing a nuclear spin 1/2. This lack of environmental spins prevents decoherence
from magnetic field fluctuations arising from nuclear spins [WdSDS05]. Donor electrons
in silicon have a large energy splitting (around 10 meV) from the ground state to first
excited state which reduces decoherence from spin-orbit coupling. The low abundance
of environmental nuclear spins, low defects and small spin-orbit interaction gives rise to
exceptionally long electron relaxation times (Ti.~1hr at 1.25 K)'°, identified as early as
the 1950’s by Feher and Gere [FG59]. The electron Ty, time is of greater importance for
QIP and likewise was reported in the 1950’s at a substantially lower 250 us [GB58] at
1.4 K and 3 x 10'% donors cm~3. This is a long Th, time for an electron spin system but
it can be improved further by using isotopically pure 28Si containing no environmental
nuclear spins. An isotopically pure 2*Si sample of a comparative concentration gives
a Ty of 520 ps [GB58] which can be improved using lower dopant levels to 2.8 ms at
1.2 K [TLARO3].

As discussed in Section 1.3 the nuclear spin relaxation times are generally much longer
than those of the electron, with a T, of >10 hrs reported [FG59]. Theoretically an
almost infinite (10'® s) Ty, time is predicted in very low doped systems at millikelvin

temperatures [WS88] but experimentally this has not been verified due to the limit

0The subscript ‘e’ (in Ti.) refers to a property of the electron spin state and similarly ‘n’ the
nuclear spin state.
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of detection sensitivity. Using NMR, 75, has been measured only at high doping
levels (near the metal insulator transition) [HH86, AD87]. However, utilising EPR

in Chapter 4 and Chapter 5, we shall presently investigate T5, at low dopant levels.
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FiGURE 1.5: Temperature dependence of electron spin relaxation times in isotopically
purified 28Si:P. Reprinted with permission from [TMBO06]. Copyright 2006 IOP.

Understanding the relaxation and decoherence mechanisms in phosphorus doped silicon
is critical in producing samples to improve these parameters. The electron 7T} time has
been found to be independent of doping concentration and falls exponentially with
temperature (Figure 1.5 [TMBO06]). The mechanism for T; is thus well established to
be via an Orbach process (discussed in more detail in Section 6.2), with relaxation
through resonant phonon transitions to an excited electronic state [Orb61]. Similarly,
it is shown that 75, at higher temperatures is also governed by this process. Figure 1.5
shows that Th, at lower temperatures reaches a limiting value dependent on the 3'P
concentration in the sample. The T, decoherence pathway is therefore attributed by
Tyryshkin et al. to dipole-dipole interactions between donor electron spins. Thus, the
effect (‘instantaneous diffusion’ [SDR81]) on a standard 75 experiment can be exploited
to give an optimised T3, extrapolated for an isolated spin to ~60 ms at 7 K [TLARO3],
recently improved to ~10 s at 1.8 K [TTM11].
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FIGURE 1.6: Schematic representation of the Kane proposal utilising 3'P donor nuclear
spins with an associated electron in a Si host, separated by a barrier from metal gates on
the surface. The ‘A gates’ allows individual addressing of the 3'P nuclei and ‘J gates’ me-
diate qubit-qubit interaction. Reprinted by permission from Macmillan Publishers Ltd: Na-
ture [Kan98], copyright 1998.

The Kane proposal

The Kane proposal for a silicon based quantum computer [Kan98], has been highly
influential and has motivated research in phosphorous doped silicon for quantum com-
puting applications. The theoretical proposal is described in the beginning of this
section and then progress in experimentally implementing the proposal or adaptations

of the original scheme are discussed.

The Kane proposal utilises the extended electron wavefunction of shallow donors in a
silicon crystal, which produce a 3P hyperfine interaction proportional to the wavefunc-
tion probability density at the nucleus. This allows interaction of nuclear spins through
the electron spin viz. electron-mediated or indirect nuclear spin coupling. Figure 1.6
shows a schematic of the proposal where typically the insulating barrier would be a
SiO, layer. The hyperfine coupling can be controlled via application of a voltage on the
A-gates such that a positive voltage will reduce the electron wavefunction probability
density at a 3'P and hence the hyperfine interaction. This provides a hyperfine split-
ting (A) ranging from 50 <A< 90 MHz and selective single qubit rotations through
frequency matching with the oscillating magnetic (B or Ba¢) field (as in NMR). The
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FIGURE 1.7: The ‘A-gate’ applies an electric field to pull the electron wavefunction away
from the donor and towards the barrier, reducing the hyperfine interaction. This changes the
resonance frequency of the 3!P nucleus so that it can be individually addressed. Reprinted
by permission from Macmillan Publishers Ltd: Nature [Kan98], copyright 1998.

J-gate will facilitate two qubit operations through the electron-mediated coupling of
the 3P nuclei. The electron exchange energy, 4.J, is given by Equation (1.3) and is

proportional to the electron wavefunction overlap for well separated donors.

4T(r) = 16— (—) " exp(—2) (1.3)

J can therefore be controlled by applying a positive voltage on the J-gates inbetween
donors to increase the overlap integral of the electron wavefunctions. In a magnetic
field when J < upB/2, the system will remain in the ground state || |) as shown in the
Figure 1.8. Increasing the exchange interaction, the energy level diagram shows that
the electron spin singlet |T]) — [[T) level is lowered relative to the three triplet states.
Furthermore, when in the ||]) state, using perturbation theory, the nuclear energy
eigenstates |10) —|01) are lowered in energy with respect to |01) +|10) eigenstate, when
the hyperfine interaction (A) of the two nuclear-electron systems is equal (Figure 1.8).

Therefore, by modulating the J-gate voltage a controlled rotation between the nuclear
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FIGURE 1.8: (a) Electron (solid lines) and lowest energy-coupled electron-nuclear (dashed
lines) energy levels as a function of J (energy level of the |17) state is cut in the figure). (b)
Proposed readout of the |T|)—||T) state via production of a D~ state allowing charge motion
between A-gates and a measurable capacitance. Reprinted by permission from Macmillan
Publishers Ltd: Nature [Kan98], copyright 1998.

eigenstates can be achieved and a two qubit gate is shown. Using appropriate values,
at low J, the nuclear spin exchange frequency, v, gives the clock (processing) speed

which is limited to a relatively long 75 kHz.

1 1
ppB —2J  upB

hvy = 2A%( ) (1.4)

The proposal also produced a scheme for readout of the nuclear spin state via the
electron spin state using a spin-resonance transistor (SRT). Measurement of the system
is conducted with J > upB/2 such that the singlet |T|) — || 1) state is lower in energy
than the triplet ||]) state. At the crossing of these electron spin states they become
coupled to the nuclei with the nuclear spin states [10) — |01) and |01) + |10) mapped
onto the ||]) and |T]) — |[T) electron spin states respectively. The [T]) — |]T) spin
state can then be read by binding both electrons to the same donor in a D~ state

through biasing of adjacent A-gates. This produces charge motion between the 3'P
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nuclei forming negatively charged defects and an increase in capacitance across the
gates. A single-electron capacitance technique is proposed to measure this although
implementation is yet to be experimentally achieved. The long decoherence times for
this system have been previously mentioned, but the presence of fluctuations from the
required gate voltage may limit these times. In particular voltage fluctuations of the
A-gates will result in differences in the precession frequencies of adjacent spins and
result in a shortened 75 time. Material dependent fluctuations are also likely to have
a large effect on the spin dephasing time arising, for example, from charge fluctuations

between defect sites!!.

Some alternative Kane like schemes have also been proposed such as by Vrijen et
al. [VYWO00]. This scheme principally uses Si-Ge heterostructures rather than Si-P
but is applicable to this material also. The paper introduces readout through a more
practical field-effect transistor (FET or field-effect SRT) rather than the elegant but
difficult to implement SRT in the original proposal. A FET measures spin by virtue
of the Pauli exclusion principle, whereby a second electron will bind to a donor defect
only if it is opposite in spin to the first electron. This gives a change in the electrical
current across the FET which will measure a single spin if single charge sensitivity is
achievable. The proposal also uses the electron spin qubit for processing rather than the
nuclear spin, improving the clock speed from 75 kHz to around 1 GHz. This removes
the need for transfer of information between nuclear and electron spin states but could
still be implemented to form a quantum nuclear memory (see Section 1.5). Such an
idea was suggested by Skinner et al. [SDKO03] but using a ‘hydrogenic’ nuclear-electron
spin pair with transfer, for example, to the electron spin to couple qubits via S-gates

and electron shuttling.

Progress on the experimental implementation of the Kane proposal has been slow de-
spite large investment in the area. The literature reveal modest steps towards achieving
a functional silicon QC with work often divulging into related areas such as semicon-

ductor quantum dots. One of the early breakthroughs was to achieve control over

Hyet to be experimentally found.
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31P implantation using a precision STM technique [OSS01], adsorbing single phos-
phine (PH;3) molecules to produce the ~20nm 3!P array required (or better). This
technique has been improved using electron beam lithography (EBL) to further con-
trol placement [FRRO7] and molecular beam epitaxy (MBE) to deposit a Si layer
over the 3'P atoms in order to secure them [RPRO7]. Alternatively, single ion im-
plantation was demonstrated by ion bombardment and electrical detection of a suc-
cessful event [DHJ03, JYHO05]. Spatial control in this technique is achieved through
masking and ion energy selection, to give the desired donor depth'?. This led to a
charge-based QC proposal [HDWO04], similar to a double quantum dot charge based
scheme [BDEJ95, FYV00], with a linear array of coupled 3'P and 3'P* ions. Natu-
rally, this led to work on Si:P double quantum dot systems with recent articles show-
ing: gate-defined dots [AFDCO07]; gate-controlled charge transfer [HFEO08]; microwave
assisted [PLF09] and lifetime enhanced [SKS10] transport; transistor charge state de-
tection [MPC08, STR09] and spin relaxation times [STHL10, XHJ10, WSSW10)].

Most quantum dot schemes use two dots capacitively coupled to quantum point con-
tacts (QPC) for charge detection [EHWvB04] but there is growing research into ex-
tremely fast and sensitive radio frequency single electron transistors (rf-SET) [SWK9S,
LJP03, FHHO04]. The advantage of these are that gate/readout times are in the order
of ps [HDWO04] and although using a charge qubit directly may not be feasible (fast
decoherence), performing spin-charge conversion for readout is highly appropriate. Rf-
SETs are directly applicable to the Kane proposal (two ‘dots’ not required) and the
latest research has focused on these. Highlights include an aluminium rf-SET for sin-
gle electron detection and transfer [ABWO07]| and a silicon rf-SET that allows easier
integration but is not yet suitable for single electron charge detection'® [AFDCOS].
However, impressive recent experiments do report single-spin, single-shot sensitivity
using a silicon-SET transistor with readout via spin-charge conversion based on spin-

dependent tunnelling [MPZ10, MEH09].

12Control with this technique is currently not good enough for full QC scale up but is suitable for
few qubit systems.
Bgensitivity of 10ue/v/ Hz at megahertz bandwidth.
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Another powerful new transistor is the silicon FInFET (3-D field effect transistor)
reported by Lansbergen et al. [LRWO08] which shows control over the degree of hy-
bridisation of a single electron wavefunction, between the donor Coulomb well and a
nearby interfacial well c.f. a J-gate. This hybridised system thus allows surface con-
trol of a quantum-confinement transition shown experimentally using As donors. A
more traditional silicon metal-oxide-semiconductor field-effect transistor (MOSFET)
has also been recently produced but using broadband electrically detected magnetic
resonance (EDMR) readout [vB08]. EDMR is an alternative readout scheme measur-
ing current variation due to a spin-dependent recombination of excess electrons and a
Si/SiOy paramagnetic interface state (Py) in a magnetic field [BL03, HHG10]. ESR
(see Section 1.3) is then used to induce Rabi oscillations from recombination to allow
detection of coherent electron spin motion. Coherent Rabi oscillations have been shown
by Stegner et al. [SBH06] who further suggested that through 3'P hyperfine coupling
this could be used for recombination-based nuclear spin readout. Research by Huebl et
al. [HHGOS] has also used pulsed EDMR to give a spin echo and show an effective T; of
1.740.2 us, which has been improved to over 100 us by Morley et al. [MMS08| and in-
vestigated in detail by Paik et al. [PLB10]. The present sensitivity using this technique
is ~100 electron spins [MHBO6] and hence work must be done to achieve single spin
detection. Progress has been been made in addressing single spins electrostatically to
tune them in and out of resonance (‘Stark’ tuning), such as in the application of an
A-gate. Application of an external electrical field pulls the electron wavefunction away
from the donor nucleus to reduce the hyperfine coupling and field frequency. Recent
work has shown the implementation of Stark shifts in '*'Sb [BTS06], 3'P [RWB07], for
a single boron impurity [CWR07] and in SET devices [Mor10] in silicon. Also experi-
ments on other similar donors in silicon such as bismuth have been conducted with the
aim of utilising the larger (I=9/2) Hilbert space [MWS10, GWR10, MMM10]. There-
fore, work on the implementation of the Kane proposal has in latter years shown good
progress in individual areas, however putting components together in a fully function-
ing few qubit device has yet to be shown. This is likely to be problematic due to the

associated component effects on the decoherence of the fragile qubit.
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1.3.4 Endohedral fullerenes and fullerene based quantum com-

puting

FIGURE 1.9: The maximum entropy method (MEM) charge density section showing the
position of a La atom in a La@QCg, molecule. The contour lines are drawn from 0 to 5 with
a0.be/ A=3 step. Reprinted with permission from [NIS04]. Copyright 2004 by the American
Physical Society.

The use of endohedral fullerenes for QIP is less developed than proposals using phos-
phorous doped silicon, but offers significant promise. An endohedral fullerene comprises
an atom or atoms encapsulated within a carbon cage, giving rise to a unique set of
properties. The first example of such a molecule was discovered in 1985 by Heath et al.
with a series of LaC; ion species identified using mass spectroscopy [HOZ85]. LaCg,
was further characterised by the lack of reactivity with reactive gases such as Hy, Oo,
NO and NH3; [WEOS88| [CGJ91] but definitive characterisation by X-ray diffraction
(XRD) was not achieved until 1995, using YQCgs. Endohedral fullerenes are made
using high-temperature laser vaporisation and DC arc-discharge methods'* which va-
porise carbon and atoms to be encapsulated to a plasma state!®. On cooling from this
state, amongst other products, the desired endohedral fullerenes are produced and iso-
lated using high performance liquid chromatography (HPLC). Using these methods a
range of atoms, predominately of group 2, 3 or a lanthanide e.g. Sc, Y, La, Ca, Sr, Ba

and Ce—Lu, have been encapsulated in fullerenes such as Cgg, Cr9, Crg, Crg, Cgo and

M Fullerenes are essentially soot so can be produced by any carbon burning but arc-discharge is the
most popular for synthesise of larger amounts of material.
15 Alternatively application of high temperature and pressure or atomic collisions can be used.
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Css. Most of these metallofullerenes incur charge transfer to give an unpaired electron
‘qubit’ on the cage which was thought to limit relaxation times (To< 1.5 pus for La,
Sc and YQCgy [KGM98, O0S95]) but I have explored these properties in more detail
within this thesis (Chapter 3). Alternatively, multiple atoms can be incorporated into
a cage such as Ero@Cgy and the TNT (trimetallic nitride template) fullerenes composed
of planar tri-lanthanide groups such as ErSco@Cgy. These systems can result in little
charge transfer to the cage with electron density remaining on the centred molecules
which can be cooled to give an effective two level electronic structure viz. a qubit. Cru-
cially, cage mediated state selective photoluminescence is observed in many of these
metallofullerenes which could be used towards single spin detection, for example in
ErScoN@Cgy, [MTDOS8]. Encapsulation of noble gases and group-V atoms also gives
isolated systems with atoms centrally trapped by a harmonic like potential, of these

only group-V species will be paramagnetic and of potential for spin based QIP.

FIGURE 1.10: Pictorial representation of the NQCgy molecule. The red shading is illus-
trative of the electron spin wavefunction.

One of the most promising endohedral fullerenes for QIP is N@QCg, which has been iden-
tified as having exceptionally long decoherence times for a molecular system [KDP97].
Originally produced in 1996 by Murphy et al. [AMPW96] it differs from many of
the metallofullerenes as production is via Cgg with encapsulation of atomic nitrogen
16

through ion bombardment. Charge transfer from the nitrogen atom does not occur

and thus it acts as an isolated qubit within a carbon cage. This cage acts to protect the

16ysing the isotropic hyperfine coupling a 2% transfer is calculated [MTAO5b).
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FiGUre 1.11: TEM and pictorial image of Sc@QCgo and Cgy within a single walled car-
bon nanotube peapod, use of empty fullerenes could provide ‘spacers’ to control qubit-qubit
interactions [WIZ08]. However, it has been shown that the metallofullerene hyperfine struc-
ture (hence qubit addressability) is lost, presumably due to charge transfer to the carbon
nanotube, in such a structure [ZWI10]. Therefore, at present this approach appears less ap-
pealing. Reprinted with permission from [WIZ08]. Copyright 2008 by the American Chemical
Society.

fragile qubit from environmental fluctuations which will otherwise cause the nitrogen
spin to decohere. The high level of symmetry of the NQCg, due to the carbon cage
and a well centred nitrogen ion further prevents decoherence due to zero-field splitting
(ZFS) commonly associated with high-spin systems. Thus the route for decoherence,
like 3P doped Si, has been found to be primarily due to an Orbach relaxation mecha-
nism (in CSg) [MTAO06]. The Orbach process proceeds via two phonons resonant with
a vibrational cage mode but with an energy difference producing system relaxation'”.
The T3 time of N@QCg in CS, (containing no environmental nuclear spins) was found to
increase exponentially with decreasing temperature until 160 K, below which solvent
freezing results in clustering and spin-spin relaxation. NQCgy in CS, subsequently gave
a T, of 0.5 ms and the longest T recorded!® for a molecular electron spin of 0.25 ms

at 170 K [MTAO06]. At lower temperatures the addition of SoCly to NQCgy in CSs is

required to form a glass resulting in a 75 below 20K that approaches 0.23 ms.

1"The phonons are resonant on the transitions from the |0) and |1) states to an excited vibrational
state and thus cause decoherence.
Buntil this thesis.
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The long decoherence times of NQCg, and /or the benefits of other endohedral fullerenes
can be incorporated into larger structures to form QIP proposals. An interesting struc-
ture involves placing fullerenes within a carbon nanotube (CNT) to form a ‘fullerene
peapod’ (Figure 1.11). This was discovered accidently by Smith et al. [SML99] in 1998
and occurs spontaneously under vacuum at 400-600 °C with up to 100% efficiency®®.
Fullerenes in the peapod act to alter the electronic states of the CNT and thus via
nanotube-fullerene coupling this modulation could allow qubits to interact over dis-
tance [LKKO02]. These interacting ‘flying” qubits can be electrons which in nanotubes
show 1-D ballistic transport with control through potential wells created by electro-
static gates or single injection and measured using a spin filter [BAB06]. Endohedral
fullerenes can then be addressed through A-gates by applying a variable local magnetic
field to change the resonant frequency in a similar manner to the Kane proposal. In
a peapod scheme, separation for such gates can be conducted by functionalising the
fullerene cages [BAB06], alternatively it has been proposed that fullerenes are placed
on a surface with high precision [Har02]. The adjacent qubit interaction can then be
addressed through magnetic dipolar coupling controlled through the direction of the
magnetic field, Figure 1.12.

FIGURE 1.12: Schematic representation of a fullerene QC proposal by Harneit [Har02]. A-
gates address single qubits and qubit-qubit interaction is mediated through magnetic dipolar
coupling, controlled by the direction of the magnetic field (J-gate). Reprinted with permission
from [Har02]. Copyright 2002 by the American Physical Society.

A different method is that of global addressing, originally proposed by Lloyd [Llo93]
and refined by Benjamin [Ben01]; it allows pulses sent to an array to have a net effect
on a single qubit. This requires an ABAB array of distinguishable qubits (exten-

sively covered in [Twa03]) and thus is ideal for a peapod structure with, for example,

9This is the gas phase method, for thermally unstable materials such as NQCgq a lower temperature
solution phase method can be employed [SKRO04] or a supercritical fluid filling processing [KBWO04].
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filling of dimer “N@Cg, and N@Cg, pairs. It has been further shown that global
control of all spins, with individual addressing of terminal spins only, is sufficient for
QIP [Rau05, FT06, FXBJO07]. Hence global control appears a less demanding approach
to produce a scaled quantum computer, discussed in Section 1.6. Fullerenes also offer
many other theoretical proposals and have successfully been used to implement specific

experiments, discussed in the context of ‘gates’ and ‘memory’ in the upcoming sections.

1.4 Gates and entanglement

The need for a universal set of quantum gates was identified in Section 1.2.2 and the
ability to perform such gates for different spin schemes was addressed in Section 1.3.
This section will evaluate gates in more detail and their implementation to date in spin
systems, focusing on their use to perform entanglement, a key ingredient of a quantum

computer.

1.4.1 Basic qubit gates

Table 1.1: Truth tables for classical 1-bit addition (AND and XOR gates), NAND and
NOT gate

1-bit addition NAND gate NOT gate
A B|C T| Total Input | Output Input ‘ Output
0O 0]0 0| = 0 O 1 0 1
0O 170 1| = 0 1 1 1 0
1 010 1] =1 1 0 1
1 1|1 0] = 1 1 0

A classical computer works by implementing a series of classical gates in an algorithm
to get the desired output from a particular input. A simple example of this is binary
addition of two numbers (A and B) each consisting of just one bit. If both A and B

are 1 then a ‘carry’ bit (C) must be created which can be achieved using an ‘AND’
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gate. The other remaining 1 states must be added up, but not when carried, to give
the total (T), performed by an ‘XOR’ gate. The simple addition is shown in Table 1.1
constructed using the truth tables for the ‘AND’ and ‘XOR’ gates. If A and B consisted
of two bits, addition of the second bit would then be required along with the carry bit
(C) in a slightly more complicated circuit but using these same gates. The ‘AND’
and ‘XOR’ can actually be constructed by a single ‘NAND’ (NOT AND) gate which
provides a universal set for classical computation [Tof80]. These gates can be seen in

the truth tables of Table 1.1

Implementation of quantum gates is not so straightforward as now a qubit (q) is the
input and another qubit (q') the output. This corresponds to an input state, |¢)) =
a]0) 4+ F1), with the gate acting on the coefficients of output wavefunction to give
[y = ' |0) + |1). Application of a NOT (X) gate (see Table 1.1 for classical truth
table) will therefore swap the coefficients « and #. This is more clearly shown if the
qubit is represented as a vector of length 2 and the NOT gate a 2x2 matrix acting on
this vector in the basis [|0),[1)].?° In terms of the Bloch sphere, using Equation (1.1),
this can be seen as a 180° () rotation about the x axis. The physical implementation
of this, within spin systems, has already been discussed by using resonant mw, rf or

even optical pulses?!.

a 0 1 B
V) = X X.|p) = (1.5)
B 10 «

This can give a rotation about any arbitrary in-plane angle (v) by considering the
function

X(y)=cos(y/2)I+isin(y/2)X where I is the identity. To complete the single qubit set
another gate is required to give a rotation about a different axis and example of such

is a Z-gate (around the 7 axis). Similarly this gives a 180 ° rotation but can be used

20This means the amplitudes of the basis states are given by the corresponding vector rows i.e.
amplitude of |0) is « etc.

mplementation of a c-NOT using mw/rf pulses actually introduces a phase, giving —a but this
can subsequently be tracked and/or removed.
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to give any angle rotation using Z(y)=cos(y/2)I+isin(y/2)Z

1.4.2 Two qubit gates and entanglement

Entanglement was famously described by Einstein as ‘spooky action at distance’ and
although he thought it would prove to be a mathematical error, it is now accepted a
fundamental element of quantum computing. Two systems (A and B) are entangled if
they cannot each be completely described on their own. In other words, if mathemati-
cally A and B cannot be separated, then |¢ryq) # |[¥a) [B). In order to access the full
Hilbert space that effectively gives QC its power over classical computing, entangled
states are required, as shown by Jozsa [Joz98|. Entanglement has further been shown
to be necessary for all pure state quantum algorithms to achieve significant improve-
ment over classical computing [Joz03]?2. The maximally entangled states of a spin 1/2

system are given by the Bell pairs in Equation (1.7)

.1 +_ L
v = \/§(|Tl>i|”>) P+ = \/5(|TT>i|ll>) (1.7)

Therefore, one of the main applications of a two qubit gate is to produce entanglement
between qubits. This can be achieved using a controlled-NOT (¢-NOT) gate shown in
Table 1.2 which flips the target qubit (B) only if the control qubit (A) is in the state

1).

Application of the ¢-NOT to produce pseudo-entanglement between electron and nu-
clear spin states was shown for a CH radical spin 1/2 system (see Figure 1.13) by
Mehring [MMS03]. To produce a particular Bell state a selective NMR 7/2 pulse is
applied to the [1) — |3) transition (|||T)) — \%(HD + |11]))) followed by a selective

22This covers all the ‘main’ algorithms, mixed states do not require entanglement (but are not
preferable) and other algorithms that do not use entanglement such as that shown by Lloyd [L1o99]
are more akin to classical computing.
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Table 1.2: Truth tables for classical c-NOT and SWAP gates.

c-NOT gate SWAP gate
A B|A B A B|A B
0O 00 O 0O 00 O
0 1]0 1 0O 171 0
1 01 1 1 0|0 1
1 111 0 1 1]1 1

EPR 7 pulse on the |3) — |4) transition to produce the -W~ state with EPR readout.
This has been further applied to a ’'N@Cg, with a '°N electron spin 3/2, nuclear spin
1/2 system to produce a pseudoentangled spin state [MSW04, SM08]. The pseudoen-
tangled state arises as the experiment was conducted at 50 K and hence a pure initial
state cannot be reached (see Section 1.3.1). The experiment proceeds as in the spin
1/2 system but the eight level system will allow up to 24 entangled states of a similar
form to those in Equation (1.7). Alternatively, the eight levels can be considered as a
3 qubit system and thus 12 entangled states of the Bell state form can be produced.
However, the entangled states are not long lived with a decoherence time of 208 4+ 10

ns.

EVmw1 EVmWZ

DU =5 |t 13)

FIGURE 1.13: Spin 1/2 level system, the red arrow represents the nuclear spin and the
blue arrow the larger magnetic moment of the electron spin.

A harder ¢-NOT to implement? is that between same spin systems, e.g. two electrons

or two nuclei, but is an established technique for nuclei using ensemble NMR, (and

23Coupling between same spins is generally less well defined and harder to control.
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equally applicable to ensemble EPR).

¢ = NOT(A; B) = [(=7/2)B,|[(=7/2)A. + (=7 /2) B.][(m) A:B:][(7/2) B, (1.8)

The pulse sequence follows Equation (1.8), written by convention in reverse pulse order,
where (A;B) refers to a ‘A controlling B’ i.e. A is the control spin and B the target
spin [LBKF99].

The [(7/2)B,] therefore rotates the B spin (about y) into the x,y plane, whereby
it precesses freely under the magnetic field and influence of the A spin. The free
precession of B is dependent on the spin of A via the J-coupling, such that the Larmor
frequency will increase when the A spin is ‘up’ and decrease when the A spin is ‘down’.
The precession time [(m)A,B,], or 7=1/2J, results in a 7 phase shift, around the z
axis, which is effectively forwarded by 7/2 if the spin is up or retrograded by /2
if the spin is down. The [(—7/2)A, + (—7/2)B.] in the sequence refers to a change
in the rotating frame and does not require additional pulses. The final [(—m/2)B,]
subsequently rotates the B spin into the 4z direction giving |1) or |0) dependent on
the state of spin A. Hence, spins A and B are now in an entangled state and a c-
NOT has been shown, though implementation for single spins is more difficult, recent
experiments have shown this for two separate NV~ centres [NKN10]. The ¢-NOT has
further been shown for quantum dots (optical scheme) [LWS03], ion traps [SKHRO03],
phonons [OPW03] and superconducting flux [PAGHMO07]. In spin systems, recent
work has focused on producing schemes for robust ¢-NOT gates to tolerate the error
in qubit coupling [THWHO7]. The ¢-NOT sequence can also be applied to higher spin
systems with the NQCg, electron spin 3/2 system discussed in more detail by Feng and
Twamley [FT04].

In NMR, the J-coupling can be controlled by using the refocusing technique to effec-
tively turn the coupling on and off. Refocusing works by applying a 7 pulse after a
precession 7 such that 7 later the spin will come back into phase but with a 7 phase

shift. Applying another 7 pulse then removes the effect of the J-coupling and hence
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it appears ‘off’. Addressing the coupling of two individual qubits is more difficult and
many proposals rely on the J-gate architecture as described in the Kane proposal (see
Section 1.3.3). Alternatively, it has been suggested by Suter and Kim [SL02a| that the
coupling can be turned off by using a SWAP gate (see Table 1.2) to move the qubit
between electron and nuclear states. The coupling between nuclear spins is six orders
of magnitude smaller than between electron spins so will effectively be turned off when
SWAPing electron and nuclear states (order of few hertz at 1 nm qubit separation).
The SWAP in the spirit of a ‘universal’ gating system can be implemented using 3 c-
NOT gates and is similarly well established in NMR [LBKF99]. This sequence however
requires ideal, ‘hard’, pulses that are experimentally difficult to implement and there-
fore a better scheme uses selective pulses and is described in Equation (1.9) [SL02a]
using the energy level diagram in Figure 1.13.

SWAP(S: 1) = [(m) S [(m) I ][(=m) SN [(=m /) L + (=7 /4)S.], (1.9)

T Y

where S§'?) refers to rotation about around the y axis of the |1) « |2) transition
and rotations about the z axis can be implemented by composite pulses or as a phase
shift. In ensemble NMR, Boulant et al. [BFP02] showed the implementation of the
SWAP gate to move an entangled state state between two different *C nuclei pairs.
However, the Suter and Kim [SL02a] scheme requires individual addressing of the qubit
states which could be implemented using magnetic field gradients generated through
micropatterend wires, see Figure 1.14. This would produce different Zeeman splittings
and hence resonant frequencies, which can be selectively addressed (similar to Goldman
et al. [GLYY00]). Therefore, to conduct a c-NOT gate the scheme first applies a SWAP
gate to move the qubit from the nuclear spin to the electron spin state, the coupling
is then ‘on’ and the ¢-NOT can be implemented. The qubit is then SWAPed back
to the nuclear spin subspace where the coupling remains off such that the qubit can
be stored. The scheme is actually much more powerful than this as it can utilise the
benefits of the electron spin manipulation times and SWAP to the nuclear spin for a

quantum nuclear memory as discussed in Section 1.5 and experimentally in Chapter 4



32 INTRODUCTION TO QUANTUM INFORMATION PROCESSING (QIP)

and Chapter 5.

FiGURE 1.14: Arrangement of wires to give a magnetic field gradient such that the
fullerenes on a silicon surface can be individually addressed. The current in the wires is
equal and parallel. Reprinted with permission from [SL02a]. Copyright 2002 by the Ameri-
can Physical Society.

1.5 Quantum memories

In Chapter 1.2.2 the need for a long decoherence time was identified as a key require-
ment for a suitable qubit candidate. However, finding a suitable system that has a
long decoherence time without compromising the other criteria is difficult. A simple
approach is therefore to employ a quantum memory whereby the benefits of a ‘process-
ing’ qubit can be exploited with transfer to a long decoherence ‘storage’ qubit for a
memory. The Kane proposal [Kan98], covered in Chapter 1.3, is a powerful example of
this, where the electron spin properties of fast manipulation, initialisation and achiev-
able readout are utilised as the ‘processing’ qubit, and the longer decoherence time of
the nuclear ‘storage’ qubit is used as a quantum nuclear memory?*. The transfer of
quantum information differs to that of classical information as the no-cloning theorem
prevents copying across different degrees of freedom and thus transfer must take place
directly [WZ82]. This has therefore limited the number of experimental examples of a

quantum memory, some of which will be discussed below.

Similar to the Kane proposal, Dutt et al. [DCJOT7] uses the long decoherence time of a
13C nuclear qubit coupled with the processing ability of electron spin associated with

a nitrogen vacancy (NV~) centre. Initially the system must be polarised to the |0, |)

24The original proposal actually uses slow nuclear spin gates for manipulation.
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FIGURE 1.15: NV~ level structure with a nearby '*C atom showing hyperfine splitting
(A) of the 3A mg = 1 state (|1)) but not the mg = 0 (|0)) state. Applying a weak magnetic
field perpendicular to the nuclear spin quantisation axis, the nuclear spin precesses at the
Larmor frequency (wrz,) when in the mg = 1 state but not in the mg = 0 state. Utilising this
and selectively driving the mw addressable levels shown, a swap (mapping) operation can be
performed. From [DCJO07]. Reprinted with permission from AAAS.

state in Figure 1.15 via optical initialisation of the NV~ centre. An arbitrary qubit
can then be created in the electron spin state using microwave manipulation in one of
the bases Xu = (1/v/2)(10) £ 1)), Ya = (1/v2)(|0) £ [1)) or Zo; = (0}, [1)). The
qubit can then be transferred to the nuclear spin state using a mapping function, held
for a period of time before transfer back through an inverse of the mapping function.
The information can finally be measured with the electron spin, using state-selective
fluorescence and gives an experimental transfer fidelity of 75%. The time in which
the qubit can be faithfully stored is governed by the nuclear 7, and in this system
is shown to be above 20 ms, far greater than that of the electron. The nuclear spin
state has also been shown (unlike the electron spin) to decohere slowly under optical
excitation which is required for entangling protocol (see ‘brokering’ Section 1.6). The
NV~ proposal also has the advantage that the *C atoms will be subject to differing
hyperfine interactions from the NV~ centres and hence via differing Larmor frequencies
be individually addressable. However, present control of the system is poor as it relies
on finding NV~ centres proximal to the naturally abundant **C atoms and hence cannot

readily be scaled up to multiple qubit devices.

A different approach to a quantum memory is to encode logical qubits into a part of

the Hilbert space that is not affected by environmental decoherence [PSE96]. This
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has been demonstrated by Kielpinski et al. [KMRO1] by transferring information from
one r.f trapped ?Be™ ion to another in a decoherence free subspace (DFS). The qubit
is represented by two hyperfine states of the ion denoted ||) and |T) with detection
via fluorescence of the ||) only. One ion is then used as the ‘processing’ qubit and is
encoded through Raman driven rotations onto the DFS qubit for storage. The DF'S is
given by a superposition of |y_) = (1/v/2)(|11) —|11)) and |y = (1/v2)(|11)—i |11))
which is invariant under collective dephasing, |1) — expi( |T). The experimental data
indeed shows that the DFS state appears to have no collective dephasing and a ten
fold improvement in dephasing under applied noise compared to a coherent test state.
The DFS further shows improved storage time under ambient conditions indicating
collective dephasing is the limiting factor. The same system has been improved upon
by Langer et al. [LOJO5] to give a decoherence time almost 5 orders of magnitude
longer than that of the original work. Langer et al. uses the DFS Bell states |¥y) (see
Section 1.4.2) showing a lifetime of 7.3+ 1.6 s with an error probability of 1.4 x 107 for
a detection duration of 200 us (assuming exponential decay). This time is limited by
magnetic-field fluctuations and hence could be improved upon?® using field independent
qubits [RLRO04], with more recent work showing a universal set of quantum gates in the
DFS [MKV09]. The use of DFS has also been shown experimentally for two entangled
photons [KBAWO00] and four entangled photons which, unlike the two photon system,
allows protection of any arbitrary qubit under collective noise [BEGO04]. This work
reports good immunity to noise with states in a DFS showing error rates?® typically
only 1.5-2% higher under noise. More recently state independent encoding has been
shown [TY08] which allows multiphonon entanglement [RidZB09]. In NMR, a logical
qubit has been encoded within 3 nuclear spins [VFPO01] to give a noiseless subsystem
(NS) and a two-logic qubit within four physical qubits to give a DFS [OLKO03]. A two-
logic qubit DFS has also been constructed using four multiple quantum coherences
from the four protons within a CHj spin system [WLS05]. This scheme reportedly

protects against more types of decoherence than that produced by Ollerenshaw et

25but is exceptionally long compared to most other systems.
26Quantum bit error rate, false events over total events over 4 hours.



1.5 QUANTUM MEMORIES 35

al. [OLKO3] by virtue of a smaller nuclear spin system. Recent work has looked at
the theoretical [TPKO07, Bro07] use of DFS states for one-way quantum computation
(covered in Chapter 1.6) and has been experimentally shown by Prevedel [PTS07].
This paper used a four photon system to encode a two qubit ‘cluster’ state into a DF'S
that is invariant to phase-damping noise and can be used for one-way QC. In contrast,
the theoretical paper Brooke [Bro07] is more applicable to spin systems, showing how a

DFS could be implemented for an array of dipole-coupled qubits (such as NV~ centres).

In proposals more suitable to quantum communication applications, an atomic quan-
tum memory for a quantum state of light has been shown [JSC04]. This was achieved
by interaction of the input pulse and an entangling field with spin-polarised caesium
atoms, measuring the light qubit and mapping this onto the atoms using an r.f pulse.
This transfer was conducted with a fidelity of 70% to give a quantum memory time of
up to 4 ms but only works one way. A similar approach by Chanelire et al. [CMJO05]
showed storage, transmission and retrieval of a qubit in a cold atomic ensemble. Prop-
agation occurs through a single photon excitation to another remote atomic memory
node where it is again stored and can be retrieved as a photon for readout. This forms
the basis of quantum network and gave storage times exceeding 10 ms by intensity cross-
correlation measurements. More recently this work has led to an entangled quantum
memory of two atomic ensembles created by coherent mapping of an entangled state of
light [CDLKO08]. The efficiency in creating this state is low at 17% and the memory time
only 8us, but it is the first example of the creation of this important resource. This work
has been extended to hybrid schemes utilising the solid-state light interface [DRAS0S]
which has shown entanglement between a phonon and NV~ centre [TCT10]. A very
different hybrid scheme has also been subject to recent attention, coupling supercon-
ducting qubits and molecular qubits [RDD06, SSG10, SFD10, SBC11] with experi-
mental process showing cavity-spin ensemble coupling [CGB10, KOB10, SSG10]. This
is significant given the work to store multiple microwave excitations in a spin ensem-
ble [WGW10], which given the results of this thesis, could lead to a robust multimode

nuclear memory.
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A less developed scheme involves an ion trap proposal using the ‘hyperfine’ ground
state for a memory qubit and an ‘optical’ processing qubit. It is therefore similar to
that of the NV~ centre but experimentally, although an extrapolated memory time
of 6 s has been shown, the swap process has not [BKRB0S§]. Similarly, a theoretical
paper by Witzel and Sarma [WHS07] proposes the use of a quantum nuclear memory in
semiconductor nanostructures, similar to the Kane proposal. They theoretically show
a Ty for 3'P in natural Si of 9.7 ms and discuss routes to improve this such as the use
of isotopically pure 2¥Si. Furthermore, various theoretical papers exploit the electron
and nuclear spin properties in molecular spin qubits such as NQCg, [SL02a, Har02,
HMWO02, JSD07, YXW10, BABO6] as discussed in the previous chapters. These not
only use the nuclear spin as a memory but employ the transfer of states to effectively
turn on and off inter-qubit coupling (reduce the electron-electron dipolar coupling
term to the nuclear -nuclear spin coupling constant). Significantly this thesis will show
the experimental implementation of the these theoretical proposals in both Si:P and
ISN@Cgp, transferring qubit states between electron and nuclear degrees of freedom

and recording the nuclear T5.

1.6 The future of spin based QIP

Discussing the future of spin based QIP one can refer to the proposals evaluated in

Section 1.3 with respect to DiVincenzo’s criteria.

DiVincenzo’s Hth criterion required single spin detection and clearly this has been a
major experimental difficulty. A candidate solution is optically detected magnetic res-
onance (ODMR) where state selective luminescence is observed in a magnetic field.
This optical readout has been successfully implemented for single spins using the
NV~ centre [JGP04b] and could be applied to cage mediated photoluminescence in
ErSceN@QCgy [MTDO8]. This could also be applied to other systems by coupling
the physical qubit to an alternative optically active qubit. Spin to charge conver-

sion for electrical detected of single spin states appears a very good candidate for
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semiconductor schemes, as described in Section 1.3.3. Detection of single electron
charges and thus spins has been shown using rf-SETs [FHH04], Si-SETs [MPZ10] and
QPCs [EHWvBO04], with the latter two doing so with single shot detection. Single
shot quantum non-demolition measurements of single nuclear spins have further been
reported by Neumann et al. [SYSW08, NBS10]. In contrast, EDMR has shown coher-
ent spin oscillations but readout is currently limited to ~100 spins [MHB06]. EDMR
is not confined to semiconductor systems and has been shown for Cgy [HBS07]; but
without good understanding of the mechanism, implementing this with, for example,
N@Cgy may be problematic or even unfeasible. Alternatively, Nano-SQUIDS (super-
conducting quantum interference devices) can be used and have a sensitivity of around
40 electron spins per root Hertz [GJFDO02]. The latest devices may be able to achieve
single spin detection but are yet to show this experimentally [CWB06, GPMP10|. This
measurement may proceed via a scanning tunnelling microscope (STM) tip, which can
also be used in STM assisted EPR. This allows detection of a single spin precessing at
the Larmor frequency (due to a magnetic field) via a rf modulation of the tunnelling
current [DWO02, Dur04] but not state measurement. In a different approach, the mag-
netic field associated with an electron spin in an NV~ centre has been utilised, but
again single spin detection has yet to be achieved [MSHO08|. However, magnetic reso-
nance force microscopy (MRFM) has produced direct detection of an individual spin
in silicon dioxide. This was achieved by measuring the force exerted by a resonant spin
on a sensitive flexible cobalt cantilever but has the disadvantage of being a relatively

slow technique [RBMCO04].

The review has focused predominately on systems that are controlled in a similar
fashion to a classical computer, i.e. using individually addressed gates. However,
simpler and more elegant solutions for QIP have been proposed in ‘global control’ that
was noted to be of promise in fullerene systems [BABO06] and relaxes the qubit-qubit
control DiVincenzo originally required. Global control was originally suggested by
Lloyd [L1093] for an ABCABC series of 3 globally addressable qubits and was later
improved to an ABAB array by Benjamin [BenO1]. The scheme does not require the
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switching ‘on and off” of qubit-qubit interactions needed to implement gates such as the
SWAP or ¢-NOT. Instead all AB or BA interactions are addressed globally and hence
this does not require demanding fabrication, minimum qubit separation or provide
decoherence routes associated with gated devices. Global control has been further
improved by Raussendorf [Rau05] and Fitzsimons et al. [FT06], whom show that not
only can qubit-qubit interactions be left on but that only the terminal spins of a spin
chain must be individually addressed. This uses a ‘mirror-inversion chain’ of identical
spins which delocalise but later revive at a complementary site at the opposite chain
end. The unique environment of terminal spin is then exploited, experimentally shown
for a three-spins in a '*C-labeled alanine system, using ensemble NMR, [FXBJ07]. The
qubits in such a mirror inversion also typically gain some entangling phase, which could

be used towards ‘one-way computation’ [CAJ05].

A very different form of computation was proposed by Raussendorf and Briegel [RBO1]
in ‘one way computation’ which is not circuit based. Instead, entangled qubits in
a ‘cluster’ or ‘graph’ state are utilised to perform an algorithm in an irreversible,
‘one-way’, manner. The scheme only relies on one-qubit measurement of the graph
state resource and has been shown to be universal [RBB03]. The entanglement is
destroyed after measurement and hence the scheme proposed recycling of the qubits,
to produce a new entangled resource. The first experimental implementation of this
computation was achieved by Walther et al. [WRRO05] using four-qubit cluster state
encoded into the photon polarisation and used to perform Grover’s algorithm. An
advantage of ‘one-way’ computation is that the generation of entangled states, which
is not 100% efficient, can be separated from the processing. Thus, a ‘brokering’ scheme
as described by Benjamin et al. [BBFMO06] can be employed which uses ‘broker’ qubits
to generate cluster states (can be applied many times) and then transfers to the ‘client’
qubit for measurement. This is similar to the quantum memory (Section 1.5) with the
‘broker’ qubit chosen to produce entanglement and the ‘client’ utilised to give a cluster
state with a long decoherence time i.e. a ‘memory’ qubit. Entanglement and transfer

between states can therefore be achieved through use of ¢-NOT and SWAP gates as
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described in Section 1.4 with an electron and nuclear spin as an ideal ‘broker’ and
‘client’ respectively. This could be implemented in an NV~ centre system (Section 1.3)
using the ¥C resource as described by Dutt [DCJ07] and SWAPing back to the electron
spin for readout. The ‘brokering’ scheme is therefore another powerful example of the
benefit in transferring information between different resources and the implementation

of a quantum memory.

The key criteria to build a quantum computer as outlined in Section 1.2.2 have been
evaluated. Progress has been made in producing techniques for single spin detection
and the implementation of gates for single and two qubit operations. Using schemes
such as global control or one-way computation would certainly make it easier to over-
come experimental difficulties, such as those given by qubit-qubit interaction. However,
the qubit must still have a long enough decoherence time to perform computation and
without relying on extensive error correction, few systems can show this. A crucial
experimental area will therefore be the transfer of information to states of longer de-
coherence times and the implementation of a quantum nuclear memory. Finally, any
proposal must be scaled up for a functional QC but little experimental progress has

been made to achieve this to date.
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Introduction to Electron Paramagnetic

Resonance (EPR)

Electron paramagnetic resonance is a powerful tool which can be used to give controlled
manipulation of the electron spin qubit on the Bloch sphere that was illustrated in Sec-
tion 1.2.1. A simplified picture was presented in Section 1.3.1 but as EPR forms the
primary technique employed in this thesis a more detailed description is now shown.
However, for a comprehensive account the reader is directed to the book “Principles of

pulsed paramagnetic resonance” by Schweiger and Jeschke [SJ01a]

41
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2.1 Continuous Wave (CW) EPR

The basic principles of EPR can be considered with respect to CW EPR which is
primarily employed as a spectroscopic technique and is specifically used in Section 3.2.1.
In EPR the magnetic moment (u) associated with an unpaired spin will align parallel
(spin up, ms = —1/2) or anti-parallel (spin down, m, = +1/2) to an applied magnetic
field (By). In continuous wave (CW) EPR the absorption of the energy resonant with
the Zeeman splitting (ge.ppBo, where g, is the electron g-factor and pp is the Bohr
magneton) can be detected and thus is used to identify the particular species via
ge- To gain further structural information the interactions of unpaired electrons with
other species such a nuclei are considered. The local magnetic field associated with
the nuclear spin adds or subtracts to By, splitting the resonant absorption points by
the hyperfine constant, A. In experimental CW EPR an ensemble of spins is typically
placed in a cavity to amplify the reflected signal that is detected! whilst sweeping the

magnetic field and keeping the mw frequency constant.

2.2 Pulsed EPR

In pulsed EPR, the absorption of energy is not detected but instead the magnetisation
given by the vector sum of the magnetic moments. In the applied field, By, a torque
will act on the magnetic moments such that they will precess according to w; =
geptBo/h, where wy, is the Larmor frequency and 7 the reduced Planck’s constant. To
manipulate the system we apply a time dependent circularly polarised microwave field
By of frequency wy,.,, perpendicular to the static field By and then move to a rotating
frame in order to more easily understand the dynamics. The rotating frame is set to
rotate at a frequency w,,,, such that when the microwave field is on resonance and w;, =
Wmw, in the rotating frame the magnetisation will appear stationary. Subsequently,

the interaction of the mw field with the magnetisation will act to precess the system

Labsorption can be directly detected or detection can proceed via the reflected signal, the latter of
which is more common in the modern EPR spectrometers used in this thesis.
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according to wy = ¢.0.B1/h, with the sinusoidal variation in z-magnetisation known
as a Rabi oscillation. In EPR experiments the microwave field is typically linearly
polarised rather than circularly, this gives rise to components of twice the resonant
frequency which can be neglected in what is known as the rotating wave approximation.
The linear polarised microwaves allow control of the axis of rotation due to a phase
component (¢) which in the rotating frame gives By, = Bjcos¢ and By, = Bising,
where the subscript indicates the axis of rotation. If the phase is set for rotation around
the x-axis a selective microwave 7 pulse or half a Rabi period will rotate the spin from
spin up to spin down. Therefore given the phase, duration and power any arbitrary
rotation about the x-y plane can be achieved according to 0 = upg.Bit,/h where 0 is

the angle of rotation and ¢, the pulse length.
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FIGURE 2.1: A Rabi oscillation for Si:P with a period of 160 ns (using Hahn echo readout),
the length of the mw pulse is increased to show the manipulation of the Z-magnetisation. A
7 pulse is shown equivalent to a pulse length of 80 ns. The decay in the magnetisation is due
to the dephasing of the electron spin echo, see Section 2.2.2.
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2.2.1 Detection, free induction decay and the echo

To understand the detection of the magnetisation we must move back to a laboratory
frame. In the laboratory frame the magnetisation is rotating around the z-axis at
the Larmor frequency, wy, which will act as a generator to induce microwave signals.
Quadrature detection of the x and y components can then be conducted by mixing with
a phase shifted reference microwave source, wy,,,, to give Aw=wr- Wy, where Aw is the
resonance offset frequency. The offset frequency arises as not all spins are on resonance
at the the same time. In the rotating frame this will cause the static magnetisation
vector to ‘fan out’ as the individual frequency components precess slightly faster or
slower than wy. This signal is known as the free induction decay (FID) which is
maximised in the x-y plane and is illustrated in Figure 2.2 (c¢). In EPR we find that
it is often convenient to detect an ‘echo’ which consists of two FIDs back to back.
Detecting an echo eliminates the signal loss due to the spectrometer dead time? and

consists of a transverse mw 7 pulse which refocuses the FID signal (see Figure 2.2 (d)).

a Bo b Bo c Bo d Bo
y % X y %—i X y;ix Y >
\/y L O = Onw Am= O - Omw Aw= Or - Omw
z z z z

FIGURE 2.2: Graphical representation of the Bloch Sphere showing a) Spin packets pre-
cessing in the laboratory frame at the Larmor frequency b) The rotating frame with a static
magnetisation vector due to an on resonance field c¢) The rotating frame with ‘fanning out’
of the spin packets due to off-resonance effects. d) The effect of m pulse about the y-axis,
refocusing the spin packets in a Hahn echo.

2The dead time is the time between excitation and detection which is blanked to prevent the cavity
ringing, from the high power excitation pulses, blowing the detection circuit.
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2.2.2 Relaxation and decoherence: 7 and 75
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FIGURE 2.3: A Hahn echo sequence showing an FID and echo for ?’NQCg, where 7 is fixed
at 20 ps. Incrementing 75 and integrating the echo signal T3 can be extracted, as shown in
the inset, with a monexponential decay giving an electron T = 160us at 40 K. Alternatively,
T9 can remain fixed but the delay after a population inversion varied to give T7.

The system thus far has been considered without the effects of relaxation or decoherence
which were introduced in Chapter 1.2.1 and Chapter 1.2.2. The longitudinal relaxation
time, 17, will act to align the magnetisation along the By field and can be measured by
inverting the Zeeman population (7 pulse) and watching it recover by observation of
the FID (/2 pulse) for a number of shots. The measurement sequence is subsequently
m—1;—7/2—FID or more commonly using the Hahn echo, 7—7m —7/2—T—n—T —echo,
where 71 is stepped and T is short and fixed. The transverse dephasing, T5*, can be
measured by observation of the FID decay due to static inhomogenities such that
individual spins experience a slightly different magnetic field (Aw). The effect of these
inhomogenities can be refocused using the Hahn echo technique to typically give a
longer decoherence time known as the 75, found by incrementing the time between
creation and detection of the quantum state. Specifically the 75 time illustrates the

non-reversible loss of quantum information from the system and can be ascertained
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using the sequence 7/2 — 75 — m — 75 — echo, where Ty is varied.

Microwave phase noise can become a problem at 7 > 0.5 ms [TMBO06] but can be
overcome by using single shot magnitude detection, [in-phase?+quadrature?]'/2. The
signal intensity, I, for a monoexponential curve will therefore vary according to Eq. 2.1,

for T} and T5, respectively:
I(t) = I(to)e_(Tl/Tl) I(t) = I(to)e_(QTQ/T2) (2.1)

The sequences described are applicable to both EPR and NMR but in order to make
these measurements for nuclear spins in the low concentration limit, new sequences
must be developed to probe the nuclear spin through electron spin readout as shown

in Chapter 5.

2.2.3 Density matrix formalisation and the Hamiltonian

The quantum mechanical state for a single spin, in a pure state where |0) and |1) are

the observable eigenstates, is given by:

¥) = «|0) + B1) (2.2)

where o and 3 are complex numbers which satisfy the normalisation condition, |a|?
+ |B|*=1. However, to describe an ensemble of spins it is convenient to use density
matrix formalisation:
o ap*
p= — (2.3)
arf ||
where the bar denotes an ensemble average, |a|?> = >, p;|a|?, such that the density

operator p(t) is given by a weighted sum of sub-ensembles of states that are in a pure

superposition, with the wavefunctions |t¢). This is termed a mixed state:

p(t) = Zpk k) (V] (2.4)
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In the density matrix diagonal elements describe state populations (z-magnetisation)
and are measured using the S, Pauli operator (i.e. Tr[p, S.]). The off-diagonal elements
describe coherences in the system and are measured using the S, and S, operators. If
we have a coupled electron and nuclear spin state we must consider a specific basis for
the density matrix, for instance, given a electron spin S=1/2 and nuclear spin 1=1/2
system the diagonal components can be described by (S,1)=[(1/2,1/2),(1/2,-1/2),(-
1/2,1/2),(-1/2,-1/2)] to give a matrix:

P11 P12 P13
P21 P22 P2.4
P31 P33 P34

P42 P43 P44

where black represents the populations, blue electron coherences, red nuclear coherences
and electron-nuclear coherences. The coherences in the density matrix can be
further categorised according to their coherence order known as p (p = |[Amy, +Amy,|,
where mj, and my, are the magnetic quantum numbers of the two states involved in

the transition):

P SQ* SQ' DQ
SQ* P ZQ SQ

| se Q SQ 2.6
SQ' 7Q P SQ?

DO SQ' SQ* P

where P refers to a population. The single-quantum (SQ) transitions are given when
exactly one of the two spins changes its magnetic quantum number by one, such that
the coherence order is given as p = 1. In the above matrix, SQ' are given with
|Amy,| =1, Amy, = 0 and SQ? are shown with Amy, = 0, |Amy| = 0. The zero-
quantum coherences (ZQ) are given with p = 0 and the double-quantum coherences

(DQ) with p = 2. Larger spin systems involving coherence orders > 1 are referred to
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as multiple quantum coherences.

The full static spin Hamiltonian for a coupled system, such as the one described above,

is given by [SJ01al:
Ho = w.S. — wil, + SAT + SDS + ITPT (2.7)

where w, and wy are the electron and nuclear Zeeman or Larmor (wy) frequencies, S,
and I, are the electron and nuclear Pauli operators and SAT describes the hyperfine
coupling between electron and nuclear spin states (made up of an isotropic term given
as agf, and an anisotropic term, ng) Spin systems with .S > 1/2 and non-cubic
symmetry introduce a zero field splitting (ZFS) term to the Hamiltonian, described by
SDS and arising from dipole-dipole coupling between electron spins. Finally, though
typically weaker, rr (also sometimes given as I Qf ) denotes the nuclear quadrupole
interaction (for nuclei with I > 1) arising from the interaction of the non-spherical
charge distribution of nuclei with the electric field gradient caused by nearby electrons
and/or nuclei. The Hamiltonian for two weakly interacting unpaired electrons, S; and
Sa, can be described by their individual Hamiltonians (given by Equation (2.7)) with
an additional Heisenberg exchange coupling term, Sy J 5?2, and dipole-dipole coupling
term, 51DS; Subsequently, from the density matrix and time dependent Hamiltonian
we can ascertain the quantum mechanical evolution of the system using the Liouville-

von Neumann equation:

a _

o = —UH), p(1)] (2.8)

with a time-independent Hamiltonian given by:
p(t) = U(t) U (1) (2.9)

where U(t) = =) This formalisation allows us to model the evolution of coupled

electron-nuclear spin systems under relaxation as described further in Section 5.2.2.



Electron spin relaxation and decoherence

3.1 Introduction

The introduction to quantum computing introduced two schemes that formed powerful
proposals towards QIP: the Kane proposal, using Si:P; and molecular proposals using
endohedral fullerenes. Within these proposals investigating and improving the electron
spin decoherence times are key requirements, as outlined in DiVincenzo’s criteria (Sec-
tion 1.2.2). Solid state materials such as Si:P offer the advantage of incorporation into
existing technologies, contributing to extensive previous studies of their characteristic
electron spin properties [Feh59, FG59, WF61, TLAR03, TMB06, ATT10]. However,

Si: P suffers from difficulties in controllable qubit placement for larger spin architectures.

49
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This can be overcome using molecular systems with the advantages of self-assembly
and a ‘chemists toolkit’. Molecular systems are in their relative infancy but NQCgq
has emerged a ‘frontrunner’ due to its long Ty, times [Har02, MTA06, MTAQ7], though
suffers from low production yields and slow purification. In contrast, metallofullerenes
can be produced with 100% yield and are easily purified but have not shown long co-
herence times. This chapter will therefore discuss relaxation and decoherence in the
metallofullerenes species, Y-, Sc- and La@Cg,, and investigate NQCgq in regimes that

have yet to be studied.

3.2 Metallofullerene electron spin relaxation and

decoherence

3.2.1 Metallofullerene EPR

Several electron paramagnetic resonance (EPR) studies have been conducted on the
metallofullerenes Sc-, La- and YQ@QCsg, focusing on geometric and electronic properties
of the molecules [KSK93, RPS95, IS00, SBD98, KGM98, O0S95, WKD04, MHLO05,
JGDHO8, IWB10]. These, along with x-ray diffraction measurements, have shown the
metal atom to be off centre in the cage [NTS00, NTS98, TUNO95], with charge transfer
to the cage dependent on the metal ion species [NK93]. It is this charge transfer that
leads to the unpaired electron that produces the EPR signal, which will be further split

by the hyperfine interaction according to the Hamiltonian:

Ho = weS, —wil, +a-S-T (3.1)

where w, = g6By/h and w; = g;3,By/h are the electron and metal atom nuclear Zee-
man frequencies, g and g; are the electron and nuclear g-factors, § and 3, are the Bohr
and nuclear magnetons, h is Planck’s constant and By is the magnetic field applied

along z-axis in the laboratory frame. The species studied are all electron spin S=1/2,
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Ficure 3.1: CW EPR of the metallofullerenes Y-, Sc- and La@Cgy in toluene solution
at room temperature. The hyperfine splitting is clearly visible for all samples in agreement
with previous literature values [SBD9S].

with #3Sc and '¥9La nuclear spin I = 7/2, while 3°Y has I = 1/2 (each of these isotopes
has 100% natural abundance). In liquid solution this leads to 8 hyperfine lines for Sc-
and La@Cg, with an EPR doublet for YQCg,, shown in Figure 3.1 for a toluene solu-
tion. The hyperfine coupling can then be easily extracted with literature values given
as 0.370, 0.114 and 0.048 mT for Sc-, Y- and La@Csgy, respectively [SBD98]. If one is to
decrease the sample temperature, for instance to eliminate relaxation or decoherence
mechanisms, frozen solutions are produced which show an anisotropic powder pattern
for Y- and La@Cgy from which individual m; lines cannot be resolved [KGM9S8], as
shown in Figure 3.2. In Sc@QCg, the strong hyperfine coupling can be more clearly re-
solved as previously seen by Morley et al. [MHLO5]. In contrast, Knorr et al. [KGM98]
observed a broad background signal with a sharper feature, which we attribute to clus-
tering of metallofullerene species due to an inhomogeneous sample resulting from a
‘poor freeze’. We observed similar spectra when the sample did not freeze homoge-
neously (with the Sc hyperfine coupling still visible) but such conditions were not used
to take measurements. The data in Figure 3.2 can be fitted using Easyspin [SS06] to
give the anisotropic g-factors, (g, ¢y, ¢.)=(2.0022, 2.0023, 1.9974), (1.9969, 2.0036,
1.9999) and (2.0060, 2.0044, 1.9980) for Y-, Sc- and La@Csg,, respectively. These are
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in good agreement with previous studies. [KGM98, MHLO05]|. The hyperfine tensor for
Sc@Csgy is found to be A=[15.4, 7.8, 7.3] MHz in agreement with Morley et al. [MHLO5]
but in contrast to Knorr et al. [KGM98] where the hyperfine coupling was not resolved.
The fitting for La@Cgs also required some hyperfine terms to give the correct inten-
sity but values could vary significantly and were fixed to A=[0.9, 0.9, 2.1] MHz, as
extracted by the analysis of electron spin echo envelope modulation (ESEEM) data in

Ref [KGMO8].
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FIGURE 3.2: CW EPR of the metallofullerenes Y-, Sc- and La@Cgs in a frozen deuterated

toluene solution at 40 K. The hyperfine splitting is only resolved for Sc@Cgs. The data

is fitted using Easyspin with the fitting parameters reported in the text. The relatively low

signal to noise is due to the low concentration of the samples. Modulation frequency 100 kHz,
microwave power < 5 uW and modulation amplitude 0.85, 5 and 1 G, respectively.
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Previous EPR studies have primarily used CW spectroscopy and as such few 75, times
have have been extracted in literature. Using pulsed EPR, Knorr et al. report a T,
of 600 ns for Sc@Cgy (in trichlorobenzene solvent at 2.5 K) but a measured Ty, of
4.1 ps in a YQCg, sample was attributed to a ‘background’ signal [KGM9S8|. Okabe et
al. also report a temperature and m; dependence of T3, and Ty, for La@QCgy (in CS,)
arising from motional effects of anisotropic interactions and coherence times < 1.5 us,
in the range 183-283 K. [0O0S95]. The DPhil thesis by Morley [Mor05a] improves
significantly on these 75, times with a single temperature measurement for Sc@QCg,
at 20 K in deuterated toluene, giving T, =13 us. However, clearly these times are
substantially lower than those observed for NQCg of up to 250 ps [MTA06] and thus
warrant further attention. Similarly, no temperature dependence studies have been
undertaken to understand the mechanisms behind relaxation or decoherence in these
systems (at low temperatures), which is crucial in order to maximise and understand

how larger architectures will effect these parameters.

3.2.2 Metallofullerene decoherence times in CS,

To achieve long metallofullerene decoherence times three essential criteria must be
fulfilled, the metallofullerene solution or matrix must be: 1) dilute, to avoid dipolar
coupling of neighbouring spins which will cause decoherence 2) a good solvent for
metallofullerenes and 3) contain few additional spins that can act to cause decoherence
such as oxygen, impurities or nuclear spins. In these studies solutions have therefore all
been prepared at low concentrations of 1076 —10~7 M and freeze-pump thawed several
times to remove paramagnetic O,. An ideal solvent is CS, which contains no nuclear
spins and has good metallofullerene solubility at low concentrations. The Ti, and T
times for metallofullerenes in CS, are shown in Table 3.1 with a maximum 75, of 4.6 us

for Sc@Cgy at 170 K.

The exact charge transfer from the metal atom to the fullerene cage is open to some

debate in literature but is accepted to follow La>Y>Sc [NK93|. Comparing this
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Metallofullerene Room temp. 170 K
Tie (ps) Tae (ps)  Tie (us) The (ps)
Sc@Cgs 2.0 1.0 6.0 4.6
Y@QCg, 0.7 1.0 2.5 2.4
La@ng - - 2.9 1.6

Table 3.1: Metallofullerene T3, and 15, times in CSy liquid solution at room tempera-
ture and 170 K (measurements taken on the m; = 1/2 hyperfine lines).

with the Ty, times for the metallofullerene species in CS,, that follow La<Y <Sc, it
indicates that decoherence may be due to motional effects leading to modulation of
anisotropic interactions, or spin rotational effects induced by solvent molecule colli-
sions. To achieve longer Th, times in this solvent one must reduce or eliminate such
decoherence mechanisms by moving to lower temperatures. Unfortunately CS, freezes
below ~160 K forming a poly-crystalline matrix which will result in grain-boundaries
and clustering of metallofullerene species, reducing Ts, due to dipolar coupling. Previ-
ous NQCg studies have used small quantities of SyCly; which acts as a glassing agent
for CS,, producing a homogeneous matrix [MTAO06]. However, adding S2Cly to a CSs
metallofullerene solution results in no EPR signal, presumably due to a reaction with
the charged metallofullerene cage which yields an EPR silent product® e.g. 2M@Cgy+
S5Cly — 2(M@Cg,)S + Cly

3.2.3 Metallofullerene decoherence times in toluene

An alternative metallofullerene solvent is toluene which has the benefit of forming a
homogeneous glass when flash frozen? but contains nuclear spins. The Ty, times are
again short at higher temperatures but by forming a glass lower temperatures can be
probed, as shown for both h-and d-toluene in Figure 3.3 (raw data in appendix). The
measurements for these and all subsequent experiments were conducted on the Sc@QCg,

my = 1/2 line and on the g, peak for Y- and La@Cg,, with a typical 7 pulse of 80 ns.

1On addition of S3Cl, the solution is immediately flash frozen in an attempt to avoid a reaction.
The proposed reaction could be checked by testing for the presence of Cly, for instance, by a simple
litmus test.

2Flash frozen in liquid Ny, it should be noted that toluene does not freeze to give a homogeneous
glass every time.



3.2 METALLOFULLERENE ELECTRON SPIN RELAXATION AND DECOHERENCE

95

90 [ h-toluene o d-toluene
80 © Y@Cy ° o ° Y@Cy
ol 2 Sc@Csy o 4 Sc@Csy
— | o La@ng o o La@C82
360 o A o
~ A A
3 50 o o &4 o
&~ 401} o o go B, & o
o o) . O 4
30 | & o 5 & . °© .
E o0® o o,A oA
20 ¢ BARqan? oA
10 | ogl&?Q
L 88 8 8 & %R,
0 20 40 60 80 100 120

Temperature (K)

FIGURE 3.3: Ty as a function of temperature for YQCgy (circle), Sc@Cgy (triangle) and
La@Cgy (square) in deuterated toluene (coloured shape) and h-toluene (black shape, bottom
of figure). Raw data in appendix.

T, in h-toluene is fairly independent of temperature and limited to < 6us due to
spectral diffusion, a mechanism whereby nuclear spin flips produce a fluctuating local
magnetic field that drives electron spin decoherence [KA62, ZS69]. This is identified
by a characteristic stretched exponential decay:

I(t) = I(tg)e” /12" (3.2)

with « > 1. This decoherence mechanism is suppressed for metallofullerenes in d-

toluene, due to the much weaker nuclear magnetic moment of deuterium. In this

deuterated solvent the measured Ty is longer and a monoexponential decay (z
1) is observed for T" > 40 K. T, passes through a maximum around 60-70 K of
approximately 50, 60 and 90 ps for LaQCgy Sc@QCgy and Y@Csg, respectively, over an
order of magnitude longer than previously published in literature. The longer coherence
times of YQCg, can be attributed to the weaker hyperfine coupling and smaller nuclear

spin of Y compared to Sc and La.

The decrease in T, below 60-70 K reflects the emergence of an alternative relaxation

mechanism independent of the metal ion species, leading to a similar 75, value for all
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three metallofullerenes at around 20 K. A prime candidate is the slow rotation of the
toluene solvent methyl group which drives deuterium nuclear spin flips and electron

spin decoherence via spectral diffusion [SF97]. The deuterium spin flip rate, W,, is

given by the equation [SF97, BBM99]:

1 Te
W, = % (m%AiTW) (3.3)
where 7, is the correlation time, A A, is the difference between the hyperfine interactions
of the deuterium proton for the two positions exchanged during the rotation and w, is
the deuterium Larmor frequency (2 MHz in the 0.35 T field used here). This spin flip
rate will be maximised at w; ! = 7.. We assume an Arrhenius temperature dependence
for 7, given by:

7l =7 L e AENT (3.4)

c 00,c

where k is the Boltzmann constant, AF is the energy barrier equivalent to 150-160 K
and 73, = 10" s7' [MWSPK79]. Thus, the maximum spin flip rate, corresponding to
a minimum in The, will occur at about 14 K (where 7! = 1.4 x 107 s71) slightly lower

than the value of ~20 K predicted by our measurements.

3.2.4 Metallofullerene decoherence times in othoterphenyl

To improve metallofullerene T,, times further and prove that methyl rotation is the
relaxation mechanism in d-toluene below 60-70 K, one can move to a solvent that
does not contain a methyl group. Deuterated orthoterphenyl is a suitable solvent as it
contains no methyl group (see Figure 3.4, insert) and reproducibly forms a glass at low
temperatures. The solvent is actually a solid at room temperature and thus it must be
heated to ~60 K to incorporate metallofullerene species before flash freezing in liquid
N,. Prior to this the sample is degassed by pumping for several hours whilst in a solid

powder form.

The T, times for YQCsg, in this solvent and d-toluene are compared in Figure 3.4 (we
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FIGURE 3.4: YQ@Cg, relaxation and coherence times as a function of temperature in deuter-
ated toluene (circle, T}, closed, T, open) and deuterated o-terphenyl (symbol black, T}, star,
Tye cross). Tie is largely the same for both solvents, with a deviation at temperatures below
15 K. Insert: Structural representation of a) d-toluene and b) o-terphenyl.

observed similar results for La and Sc@Cyg,). As predicted, the drop in Ty, observed in
d-toluene as the temperature is reduced below 65 K is not observed in deuterated o-
terphenyl, due to the absence of methyl groups in this solvent. In the range 7' < 65 K,
Ty rises slowly with decreasing temperature, and fits well to a stretched exponential
in which the stretching factor increases from x = 1 at 65 K to a limit of z ~ 1.7 at
low temperatures. We attribute this new limit to the emergence of spectral diffusion
from the deuterium nuclear spins in the frozen solvent environment. In the range 65
to 100 K, Ty fits to a monoexponential decay and reveals the same coherence times
as d-toluene, which appears to be determined by T}, relaxation, discussed in the next
section. Above 100 K, the T3, values of the two solvents again deviate, which can be
associated with the different glass transition temperatures (7}), where 7, = 117 K for

toluene and 243 K for o-terphenyl.

Under these optimised conditions, we have measured a maximum 75, of 22547, 245+9
and 204 £ 2 pus for YQCgy Sc@Cgy and La@Cg, respectively at 5-10 K, with . = 1.6—

1.7 (the error in z is < £0.12). A typical electron spin echo decay trace is shown in
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Figure 3.5, and fits well to a simple stretched exponential, or a decay of the form:
I(t) = I(tg)e” 4/ Toeint)=(t/Tsp)* (3.5)

from which an intrinsic 75, can be extracted, as the Tsp term accounts for spectral
diffusion [ZS69]. This gives The int = 610£80 ps, offering an estimate of the decoherence
time in the absence of spectral diffusion, i.e. if all environmental nuclear spins were
removed (Tsp = 249 £+ 7 us). Considering literature on donors in natural silicon
the Theint is often quoted as the The time as nuclear spins can be removed from the
silicon matrix, which would be very difficult in these solvents discussed [TLARO3,
MPZ10]. Nevertheless, the stretched exponential Ty, times are over two orders of
magnitude longer than previously published for metallofullerenes. Given the ability
to manipulate spins within tens of nanoseconds, this result puts metallofullerenes in a
regime where quantum error correction is feasible [DiV00]. Thus, metallofullerenes can
now be considered a suitable qubit candidate for quantum computation and research

into larger QIP architectures such as ‘peapods’ is justified.

3.3 Metallofullerene relaxation times

In contrast to 15, measurements of T}, appear to be relatively independent of the
solvent environment (see Figure 3.4), indicating that over the range 20 to 130 K the
glass matrix does not have a dominant effect on relaxation. Figure 3.6 (top) further
shows there is a systematic shift in both the magnitude and temperature dependence

of T, which follows the increasing mass of the ions.

In the NQCgq fullerene, electron spin relaxation has been found to show an Arrhenius-
type temperature dependence corresponding to a two-phonon relaxation process via

the vibrational motion of the cage [MTA06]. This has the form:

Ty oc eB/kET) _ g (3.6)
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FIGURE 3.5: Hahn echo decay for La@Cgs at 10K, data (black) showing spectral diffusion
and fit with a stretched exponential decay (blue (dark grey)) and a curve to extract the
intrinsic T in the limit of no environmental nuclear spins (red (grey)). Curves are similar

and thus overlap, the residual to the fits is shown at the bottom of the figure. Oscillations
in the residual to the fit are due to ESEEM modulation on the short timescale.

where A is the energy of the molecular vibrational mode. The temperature dependence
of Th. in Y-, Sc- and La@Cgy can be described by two such processes over the range
of 15 to 100 K, as shown in Figure 3.6 (bottom). The extracted vibrational mode
energies (in cm™!) for each of the two processes are shown in Table 3.2. Below 20 K, an
additional relaxation mechanism is present arising from the glassy solvent environment,
particularly effective in the case of the deuterated o-terphenyl solvent.

Mode Wavenumber (cm™1)

Y@ng SC@ng La@082
12 o4+4 99 £ 8 19+£5
Vo 403 + 214 229 +43 125433

Table 3.2: Extracted molecular vibrational modes from fitting T}, temperature depen-
dence in the range 15-100 K, following Eq. 3.6.

The resonant frequencies can be compared to far infrared (FIR) and Raman studies

of metallofullerenes that have shown frequencies < 200-300 cm™! to be characteristic
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FIGURE 3.6: T} as a function of temperature for YQCgy (circle), Sc@Cgy (triangle) and
La@Cgy (square) in deuterated toluene on a) a standard plot and b) an Arrhenius style plot
to extract the molecular vibrational modes shown in Table 3.2.

of metal-cage vibrations [LRH98, KK02, KHKO00]. If metal-cage motion is considered
in terms of a simple linear oscillator model the vibrational frequency (v) would be
proportional to p~'/2? (where u is the reduced mass). Thus, one would expect the
wavenumber to follow La<Y <Sc as observed for the extracted low frequency mode (1)
in Table 3.2. This model is entirely appropriate given Raman data that shows the linear
oscillator force constant to be the same for a number of different metallofullerenes,
including La and Y@Cgy, which have the same (+3) oxidation state® [LRH98]. The

linear dependence of v and p~'/? in the Lebedkin et al. manuscript indicates that

3whilst the assignment of La and Y@Cgy to a oxidation state of +3 is widely accepted that of
Sc@Cgs is not. Often given as +2, recent studies have shown a +3 assignment to be correct but with
substantially different atom-cage charge transfer to the aforementioned species [MHLO5].
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the atom mass (and the bonding character) is dominating the metal-cage vibrational
frequencies and factors such as the diameter of the atom in the cage have little effect.
The experimental data will deviate from this model due to, for instance, charge transfer,
which is known to be quite different for the metallofullerenes studied [NK93, KK02].
However, the general trend holds and therefore is a good indicator that v; may be

related to metal-cage vibrations.

Lebedkin et al. identify a mode for Y@Cg, at 54 cm™! which they attribute to a ‘lateral’
metal-cage vibration [LRH98]|, in good agreement with the YQCg, extracted vibrational
mode v;. Similar experimental data on La@Csgy is less conclusive, with a broader
mode centered at ~45-50 cm™! for La@Cgy [LRH98], though theoretical studies have
predicted ‘lateral’ La-cage modes at 27 and 30 cm™! [KNO3], slightly higher than our
extracted value. This lateral metal-cage mode in La@Cg, has also been identified using
x-ray powder diffraction maximum entropy method (MEM) analysis [NTS00]|, where
a large charge density distribution was attributed to ‘giant motion’ (see Figure 1.9).
La would therefore be expected to give a significantly lower metal-cage frequency than
from the tight distribution observed for Sc and Y in the Cgy cage [NTS98, TUNO5],
consistent with our results. It therefore appears that the lower frequency excited state
(v1) may be due to metal-cage vibrational modes and that this is the dominant cause

of T}, relaxation in the system over the temperature range 15-60 K.

Above this temperature, the data can be fit by a higher resonant frequency (v») (Fig-
ure 3.6 (bottom)), though this value is harder to interpret as it may derive from a combi-
nation of many higher energy cage vibrational modes. However, v, in La@Cg, could cor-
respond to the ‘longitudinal’ metal-cage vibrational mode observed at 163cm ™" [LRH9S].
In addition to the different slopes in the temperature dependence of T}, the magnitude
of T}, follows La>Y>Sc in accordance of the varying extent of charge transfer between
the metal and cage [NK93]. This charge transfer would increase the spin orbit coupling
to these molecular vibrational modes, giving the observed order of T.~! La>Y>Sc.
The T}, times although not indicative of the time to store quantum information are

of importance in storing classical information. They also give the fundamental limit
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for the storage of quantum information in both the electron spin (T3, < 27}.) and as
we shall see in Chapter 4 the nuclear spin state (T3, < 27Tj,, for a electron spin-1/2

system).

3.4 Metallofullerenes in a solid matrix

Instead of suspending metallofullerenes in a solvent system a solid state matrix can be
envisaged. This has the advantage that it can be engineered to contain no nuclear spins
and does not require a solvent with metallofullerene solubility or the ability to form a
glass at low temperatures. A natural matrix is that of empty fullerene cages such as
Cgo or Cgg, which can be made at higher concentrations (but still with minimal dipo-
lar interaction) than solvent systems which cluster more readily. The results of room
temperature measurements on La@Cgs in both Cgg and Cgy matrices, that are predom-
inately held on the EPR tube walls, are shown in Table 3.3. The results are in contrast
to cw measurements which suggest Cgy forms a better matrix, discussed further in Ito
et al. TWB10], and unlike solution measurements, distinct bi-exponential behaviour is
observed. This reason for the differences between cw and pulsed measurements may
be because pulsed methods can be used as a highly sensitive spin environment probe
(given the appropriate spin). Measurements can be affected by very small amounts of
clustering, impurities or oxygen, the latter of which has been identified in other endo-
hedral fullerene materials [DKKWO00]. This sensitivity is confirmed by low temperature
measurements on Y@QCgy which do not show 75, times greater than 1.6 us. The short
T, times may be due to the preparation of the materials and could be improved using a
different technique. If a powder sample was produced filling the EPR tube rather than
just lining the walls, different behaviour may be observed. Producing larger disper-
sions of metallofullerenes in Cg, is not straightforward due to the requirements of large
amounts of material and, given the high metallofullerene yield, additional pristine Cg,.
However, NQCg, is naturally produced in low yield, ideal for preparation of samples in

a Cgo matrix, as shown in the next section.
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Measurement Matrix environment and metallofullerene concentration

time ng 1% Cﬁo 1% ng 01% CGO 01%
Toe (115) 0.39 0.64 0.67 0.84
Ty short (us) 0.75 0.96 0.87 0.98
Ty long (us) 10.18 10.72 99.97 136.08

Table 3.3: La@Cgy T}, and Ty times in Cgy and Cgg solid matrices at 1% and 0.1%,
measured at room temperature.

3.5 PN@Cg, relaxation and decoherence times

3.5.1 PN@Cg EPR
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FIGURE 3.7: Continuous wave EPR of a powder ’NQCygq in Cgp matrix sample measured
at room temperature (modulation amplitude 0.2 G, modulation frequency 100 kHz, microwave
power 0.2 mW). The N, impurity and residual 4N peaks are labelled.

The spin relaxation properties of 1*N@Cg, have been previously investigated, predomi-
nately in solvent based systems [MTA05b, MTA07, MTA06, Mor05b, Mor0O5a, DHP99,
KDP97, Har02] but also in powder systems [Har02, DKKW00, WKD99]*. In contrast,
I5’N@Cgy has been used to perform experiments showing electron and nuclear pseu-

doentanglement [MSW04] and dynamic nuclear polarisation [MVTAOQ7] but relaxation

4the latter two only report T}e.
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FIGURE 3.8: Echo detected field sweep of a powder ’N@Cg, in Cgo matrix high field
line at 40 K (7 = 10 ps, 7 pulse= 60ns). The spectrum is fit using Easyspin [SS06] with a
zero field splitting, D = 0.24 MHz (where the Hamiltonian has an additional D.S? term and
D =32D, (E =0)) and a fwhm linewidth of 30 mG (blue). The spectrum can alternatively
be fit to 2 Gaussian functions (green, pink) of fwhm linewidth 16.3 and 71.1 mG, respectively.
The latter corresponds to an A strain of 0.94 MHz.

has not been extensively studied. Th, times in solid matrix *N@QCg, and *N@Cg, sys-
tems have been reported as up to 20 and 14 us, respectively, much shorter than in their
solvent based counterparts [Har02]. In this section we will investigate "'N@Cg in a Cgg
matrix to see if longer decoherence times can be achieved, advantageous for schemes
that use multiple isotopes to selectively address qubits and for use in exploiting the

nuclear qubit state (see Chapter 4).

BBN@Cg, powders were produced by arc discharge and ion bombardment using 99%
enriched ?N. The powder was purified using HPLC to obtain the required concentration
and remove unwanted amorphous material, before transferring it to an EPR tube. The
sample was then degassed for several hours to remove paramagnetic Oy before sealing.
The transfer stage was crucial in determining the amount of impurities in the powder:
contact with air resulted in an increase in the impurity peak. However, impurities
did not seem to impact the T5. of the system significantly — though we will show

they are important when extracting longer decoherence times — and although it is
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believed that degassing may be crucial, pumping times and vacuums did not show any
correlation with Th.. Thus, factors beyond our control such as »N@Cg,:Cgo packing
may be affecting degassing. N@Cg, is an electron spin-3/2, nuclear spin-1/2 system
(*N is nuclear spin 1) which gives a doublet EPR spectrum as shown in Figure 3.7.
The figure also shows a central peak due to impurities and small outlying peaks arising
from the residual *N@Cg, triplet splitting (I = 1). The impurity concentration is
~ 1 x 10% spins/cm® (from spin counting) which have been cited as arising from
fullerene-oxygen radicals [JBM06]. The impurities can be reduced by back-filling with
argon after degassing and transferring the powder to the EPR tube under a constant
argon flow, also shown in Ref [WLHO1]. An echo detected field sweep of the high field
line, Figure 3.8, shows evidence of zero field splitting (ZFS), which has previously been
reported for similar NQCg, powder systems [WKD99, DHP99]. The spectrum has been
fitted using Easyspin [SS06] to give a principle D value = 0.24 MHz. Alternatively, the
echo detected field sweep can be simulated by two Gaussian functions, one indicative
of the intrinsic '’ NQCy, linewidth and the other broadened due to a distribution of
hyperfine constants, given as an A strain of 0.94 MHz. It is also entirely possible that
both D and A strain are present, with the impact of these strains discussed in more

detail later in this chapter.

3.5.2 BPN@Cg, decoherence times in a Cg matrix: Instanta-

neous diffusion

The decoherence time for a dilute NQCg, in Cgy powder sample was found to be
~bH0 ps at room temperature but could be extended by decreasing the temperature to
a limit of 160-190 us, over the range 10-70 K. This sample gave the longest 15, time of
those produced, can be considered ‘best’ degassed with few impurities and is used for
the data reported in this thesis. A prime candidate for the low temperature 15, limit
of this sample is decoherence via electron spin dipolar coupling. This can be observed

through the modification of a standard Hahn echo experiment, 7/2 — 7 — 6y — 7 —
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echo [SJ01a]. In this experiment the 0, pulse (which is typically 7) acts to refocus effects
such as magnetic field inhomogeneity, as well as other interactions experienced by the
spin which are constant on the timescale of 7. However, if the 65 pulse flips both the spin
that is observed and a dipolar-coupled neighbouring spin, the effect of this interaction
is not refocused and the effective Th, is reduced (this effect is termed instantaneous
diffusion). If the 6, pulse is shortened it will act to refocus only a sub-set of spins and
mimic a homogeneously dilute spin sample [SJ0la, KA62, TLARO03]. The relationship
between the effective decoherence time (T, 1p) and 6y for a spin 1/2 system is well
known and given by Refs [SJ01b, SDR&1]. In the high spin case a scaling factor, x, needs
to be applied to account for a higher spin number. Raitsimring et al. have previously
used a /S(S + 1) weighting [KRT89, KRI91, LRGI1] but only when extracted from
the k value for different spin number species and not explicitly calculated or quoted.

We have calculated a slightly different scaling factor of /S(S+ 1)+ 0.25 (for half

integer spins), which gives £ = 2 for a spin 3/2 system in the high temperature limit
(Raitsimring would predict 2.24, with a decreasing deviation for increasingly higher
spin number systems)>. The calculation considers the energy shift of adjacent levels

due to the inversion of a neighbouring environmental spin and it is further confirmed

by Walstedt and Walker [WW74]. Thus this yields:

g upCr

= o/an sin?(0y/2) (3.7)

1/ Toe D

where o is the permeability of free space, g is the g-factor, up is the Bohr magneton
and C the spin concentration for each hyperfine line. In Figure 3.9, the plot of 1/T5, vs
sin?(6/2) shows that Ty, can be simulated by a contribution from both N@Cs, dipolar
coupled spins, and "»’N@Cg, spins that are coupled to impurity spins. The impurity
spin behaviour dominates the data at sin?(fy/2) < 0.2 and is considered later in this

section. At sin?(6,/2) > 0.2 the experimental fitting is dominated by the effect of

Sa physical interpretation for a spin 3/2 system is as follows, a -1/2:1/2 observer spin acquires
phase (causing decoherence) that depends on the state of the neighbouring spins. If the neighbouring
spin is in the +3/2 levels then phase is accumulated 3 times faster than in the +1/2 levels. At high
temperatures weighting of the levels is equal and thus k = (34 1)/2 = 2 (this would be 3 in the low
temperature limit).
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ISN@Cyq spins, according to relationship given in Eq.3.7. Using this equation and the
slope from Figure 3.9, the spin concentration, C is calculated as 2.5 x 10'® spins/cm?
which is entirely consistent with the value obtained from spin counting (2-3 x 10
spins/cm?®). The dipolar coupling frequency, vp, between two spins a and b can be

found using:

2
HoltpYGaFb 2

vp = ————(1 —3cos“ 0 3.8
b 47rh7"27b ( ) (38)
where 7, the distance between the two spins and ¢ the angle between the Zeeman
field and the inter-spin axis [SJOlc|. To obtain the mean nearest neighbour distance

in a random distribution, (r,;), the spin concentration, C, can be used with Eq. 3.9

given by Bhattacharyya and Chakrabarti (where I' is the Gamma function) [BCO08].

TE+ )P T D) (1)
(ranO) ~ (5) (3.9)

We note that (r],) (needed to calculate the mean dipolar coupling) diverges, reflecting
the fact that dipole-dipole coupling breaks down at very short distances. If a physically
motivated exclusion zone is imposed this does not provide a route to overcome this
problem, as the coupling will be entirely dependent on the radius of the exclusion
zone. Thus, averaging the angular dependence and considering S = 3/2, the dipolar
coupling frequency at this distance is calculated as 2.5 kHz. It is this dipolar coupling

that is limiting the measured T5. of the sample using a standard Hahn echo.

The data where sin?(6,/2) < 0.2 deviates from the linear 1/T, vs sin?(65/2) dependence
due to the effect of impurity spins. The cw spectrum (Figure 3.7) shows impurity spins
centred approximately 4 G from the resonant N@Cy, line with a distribution over
~ 4 G and a similar concentration to ?’N@QCy,. The initial 7 pulse in the instantaneous
diffusion experiment has a duration of 200 ns, therefore (for instance) from a 7 to a
7/2 pulse an excitation bandwidth of ~2—6 G will be achieved and an excitation profile
over the impurity spins. The impurity spins will have a number of different driving
frequencies and an effective modulation amplitude of Bf/(B? + §B?), where Bj is the

microwave field strength and § B the field offset. To simulate the effect of this profile
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FIGURE 3.9: Th plotted against varying length of refocusing pulse (63), from the standard
Hahn echo sequence. The data (green square) is simulated by the sum (green line) of the

contribution from »N@Cgq spins (red, dashed line) and off-resonance impurity spins (blue,
dot-dashed line). The simulation parameters are discussed in the text.

on the ®®N@Cgy decoherence time the sin?(f,/2) term in Eq. 3.7 must be replaced (for

the average frequency distribution of off-resonance spins) by the function [SDRS&1]:

2

1

where 6, = ’ytp\/m and ¢, is the duration of the Hahn echo 6y pulse. This
will give Eq. 3.7 when 6B = 0. The impurity spins can be modelled by a Gaussian
distribution and the average frequency distribution found by integrating over the field
offset (6B). The simulation in Figure 3.9 is achieved using a distribution centred at
an offset of 3.7 G (mean) with a standard deviation of 2 G and a concentration of
24 x 10" spins/cm?®. The concentration is much higher than that extracted from spin
counting which can arise due to a non-homogeneous distribution of impurity spins.
Impurity spins could be preferentially found closer to the >N@Cy, spins and may also
be clustered. This is consistent with the observation that "N@Cgy:Cgy packing may
be important and, as shown in the next section, that >N@QCg, proximity to impurity

spins may directly impact the T5.. Nevertheless, Figure 3.9 shows that T, can be
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FIGURE 3.10: a) Ty of 1’N@QCg in a Cgp matrix with 1) a refocusing pulse of 0.1z and
2) selective 2 us (m/2) and 4 us (7) pulse lengths (axis offset for clarity) b) 1’N@Cgp in a
deuterated orthoterphenyl solvent with two different fits to show T, and the effective To, if
no nuclear spins were present (see text). Residuals to the fits shown offset. All at 40 K.

extended from 190 us using the standard Hahn echo sequence to an extrapolated ~
500 ps in the limit 65/, = 0 (at 40 K ), where the material can be considered to
be a homogeneously dilute spin system with no dipolar interaction. Considering the
experimental data for the lowest turning angle of 0.1m, a T, of 432.6 £ 26.0 us is
directly shown in Figure 3.10(a,1), the longest T5. recorded, to my knowledge, for a

molecular spin system.

3.5.3 N@Cg, decoherence times in a Cg matrix: Selective

pulses

The long electron decoherence times observed for »N@Cg, using a small refocusing
angle can be further investigated by using highly selective mw pulses. To give selective
narrow frequency excitation, we require long mw pulses that cannot be produced using
a travelling wave tube (TWT) amplifier, that is standard on most commercial EPR
spectrometers. Using an Amplifier Research 20 W solid state amplifier a mw 7/2 length

of 2 us and a 7 pulse length of 4 us can be produced to give a Ty, of 413+5.6 us at 40 K,
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as shown in Figure 3.10(a, 2). The long pulses act to excite a statistical distribution
of spins (assuming no field gradient is present) and thus mimic a homogeneous dilute
sample (sub-ensemble), similar to using a small refocusing angle. The Ty, time agrees
with the instantaneous diffusion experiment where sin®(6/2) < 0.2, confirming that an
alternative decoherence mechanism is also suppressed (to extend T, by ~100us). A
possible candidate for this mechanism would be the effect of zero field splitting (ZFS),
that was shown may be present in the first section of the chapter and Figure 3.8.
A fluctuating ZFS will lead to a D.S? term in the Hamiltonian and give rise to two

different decoherence contributions given by [CL64, MTA06]:

4 T, T,
-1 _ 2 c c
(TQe,inner) — 5D |:1 T w27_2 + 4w27_2:| (311)
(Toownter) ™ = 2D |7t — 10 (3.12)
2e,outer 5 c 1 + CUCQTCZ .

where 7, is the correlation time, w. the Lamor frequency, and the subscript inner refers
to the contribution from the mg = 4+1/2 < —1/2 transition and outer mg = £3/2 <
+3/2 transition. The contribution from the different coherences have been explored in
more detail in the next chapter and it is found that the outer levels do not contribute®
to the Hahn echo signal. This could be due to a fluctuating ZF'S term as Eq.3.12 shows
that The puter can be limited by this under realistic experimental conditions. However,
if a substantial ZFS (static or fluctuating) were present the outer levels would not be
expected to refocus”, so the decay of these coherences becomes difficult to ascertain.
Therefore, the monoexponential 15, decays observed can be considered due to the inner
transitions only. The dependence of a fluctuating ZFS term on the inner coherence is
shown in Eq.3.11. However, at low temperatures the correlation time is long and the
contribution to decoherence would be small, therefore, similar to experiments on NQCgj

in liquid solution (below the fast tumbling limit) [MTAO06], ZF'S is not expected to have

6this could only be shown for 7 > 70us due to experimental parameters.
"a small proportion could still refocus depending on the Hahn echo 7 and ZFS present.
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a substantial effect. An alternative mechanism could arise if a distribution of hyperfine
parameters was present, as fitted in Figure 3.8, such that the selective pulse excites
a homogeneous sub-ensemble of spins with similar hyperfine constants. Kobayashi
et al. have shown theoretically that modification of the NQCgy cage can result in a
variation of the hyperfine coupling constant [KNDO03]. Knapp et al. have specifically
shown a distribution of isotropic hyperfine parameters in an NQCgq powder sample (Cg
matrix), by comparing the my; = 3/2 and my = 1/2 ENDOR lines [KWDO05]. They
attribute this distribution to impurities in the powder sample such as those discussed
in the previous section. Therefore, by selecting a narrow hyperfine distribution range
through a selective pulse, a homogeneously dilute sub-ensemble of spins can be excited

that are not affected by impurity spins, giving a long T5,.

3.5.4 PN@Cg, decoherence times in deuterated orthoterphenyl

We can evaluate whether the long "N@QCg, decoherence times found in a Cgy powder
effectively give us the intrinsic 75, of the fullerene by preparation of a very different sam-
ple using highly purified »N@Cy, in a solvent matrix®. The section on metallofullerene
solvents found deuterated orthoterphenyl to be an excellent solvent: to produce a good
glass at low temperatures and probe Ty, without the effect of decoherence due to matrix
nuclear spins. Preparing a degassed sample in the same way outlined in Section 3.2.4
and measuring the decoherence time a stretched exponential curve, Eq. 3.2, is given
indicative of a Ty, limited by spectral diffusion due to solvent matrix nuclei. At 40 K a
Ty, of 249.2+£2.8 us is found with a stretch factor, z, of 1.5 as shown in Figure 3.10 (b).
The decoherence time for an N@Cg, sample in the absence of nuclear spins, such as
within a solid state sample, can be found by using an alternative fit shown in Eq. 3.5.
Using this equation a The jn of 431+£34.5 s is found where Tsp is 366 £14.8 ps at 40 K,
also shown in Figure 3.10. This is entirely consistent with the decoherence times found
in Section 3.5.2 and Section 3.5.3 in excess of 400 us, suggesting that we have identified

the intrinsic and thus maximum 7Th, of ?’N@QCy, that can be achieved using standard

8this should contain fewer impurities.
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characteristic techniques and materials. The fundamental limit for T is twice Tie,
which is clearly significantly higher than the intrinsic 75.. The limiting mechanism for
T, is unknown but identifying and understanding this could lead to novel techniques
or materials in order to reach this higher fundamental limit in the future. Candidate
mechanisms could arise from the movement of the nitrogen atom within the cage that
could lead to fluctuations in the hyperfine terms of the Hamiltonian. This mechanism
is realistic given the next section, where we shall see that atom-cage vibrational modes

appear to cause T}, relaxation.

3.5.5 DPNQCy, relaxation times in a Cgy matrix

The relaxation times for “N@Cg, in CS, and toluene have been shown to follow
an Arrhenius or Orbach two phonon dependence over the temperature range 160—
290 K [Mor05b, MTA06, MTAOQ7]. This follows Eq. 3.6 with an energy difference to
the excited state (A) given by the first and second Raman cage vibrational modes,
respectively, for CS, and toluene. At lower temperatures long NQCgy T}, times have
been reported [Mor05b, Mor0O5a, MTA07, Har02] but relaxation has not been found to
follow these vibrational modes and no explanation for this has been given [MTAO7].
Figure 3.11 shows the experimental T}, data for our *N@QCg, in Cgy sample, plotted
with an Arrhenius temperature dependence and yielding an extracted vibrational mode

of 74.2 £ 3.7 cm™! over the range 15-80 K.

This is much lower in frequency than the higher temperature vibrational modes pre-
viously reported. In Section 3.3 we found that at low temperatures the vibrational
modes of metal atoms encapsulated in fullerene cages could describe the Arrhenius
temperature dependence of Ti., an observation consolidated by frequency agreement
with Raman and x-ray powder measurements. It therefore seems possible that nitrogen
atom-cage vibrations may also be the dominant T}, relaxation mechanism at low tem-
peratures. This would be consistent with a simple atom-cage linear oscillator model

whereby the vibrational frequency (v) is proportional to x~'/2 such that the lighter N
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Arrhenius frequency fit:
v=742+3.7cm!
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F1GURE 3.11: Ti., in the range 15-80 K, plotted with an Arrhenius style temperature
dependence and fitted to Eq. 3.6 with a frequency of 74.2 + 3.7 cm ™.

atom has a higher vibrational frequency than the much heavier metal atoms in met-
allofullerenes. Similarly, the charge transfer from the °N atom to the Cgy cage is much
weaker than in metallofullerenes, again predicting a higher vibrational frequency. The
extracted "N@Cg, vibrational mode is affected by both higher vibrational modes and
relaxation mechanisms, as well as the deviation from an Arrhenius dependence that
was found below ~15 K. This low temperature deviation is not understood but was
also observed in metallofullerenes. Adding previously extracted vibrational modes to
the T, fit (i.e. two mechanisms) did not significantly change the extracted frequency.
Low temperature Raman data for NQCg, is not available in literature® so comparison
to the extracted vibrational mode is not possible, but density functional theory (DFT)
calculations for N@Cyg, predicted vibrational modes to be around 50 cm™!, a little
lower than that extracted by our data [KM]. It is therefore probable that relaxation at
low temperatures is dominated by atom-cage vibrational modes for **N@Cg, (in Cgp)
as well as metallofullerenes (over ~15-100 K). This will have a direct impact on the
maximum nuclear decoherence time that can be achieved in the NQCg, system which

we shall investigate in Chapter 4 and Chapter 5.

9Nitrogen encapsulated in a fullerene cage is both air and light sensitive so this would be challenging.
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Coherent transfer between the electron and

nuclear spin state

4.1 Introduction

In the previous section we explored the characteristic electron spin times for fullerene
based materials. However, many proposals, such as those discussed in Section 1.3.3
and Section 1.3.4, exploit both the electron and nuclear spin properties of the system.
The principle advantage of this is that the weaker magnetic moment of a nuclear spin,
compared to an electrons spin, can give a longer coherence time. Nuclear magnetic

resonance (NMR) can be used to exploit the nuclear spin qubit and extract nuclear

75
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coherence times, but not at low spin concentrations. Using EPR, nuclear spin properties
can be probed via the electron spin state at lower spin concentrations, for instance,
using ENDOR as described in the next section. However, utilising the nuclear spin to
store quantum information is more difficult and requires coherent transfer of electron
to nuclear spin states, which has been implemented in only a handful of systems, as
discussed in Section 1.5. An ideal material to initially show this transfer is Si:P as the
long electron decoherence times (with fast manipulation) can be used for processing
and the longer nuclear decoherence times as a memory. The Si:P system has also
been relatively well characterised and has a simple electron spin-1/2, nuclear spin-1/2
level structure. The chapter will then explore the coherent transfer in a very different
molecular high spin ’'N@Cg, system (electron spin-3/2), exploiting the propagation to

also turn on and off inter-qubit dipolar interactions.

4.2 Coherent state transfer in Si:P

4.2.1 The Si:P system and ENDOR

The Si:P level structure is shown in Figure 4.1(a) with transitions that can be addressed
by resonant rf and mw pulses, to perform gate operations as outlined in Section 1.4.2.
The electron spin-1/2 is coupled to the nuclear spin-1/2 via an anisotropic hyperfine
constant, A = 117 MHz, and at ~ 0.35 T gives an EPR doublet corresponding to the
my = +1/2 transitions. To achieve high fidelity coherent state transfer we require a Si:P
system with narrow spectral features that can be fully excited by the appropriate mw or
rf pulses. The experiments therefore use ?®Si enriched single crystals with a residual 2°Si
concentration of 800 ppm. This avoids broadening of the rf lines due to 2?Si or biaxial
stress induced by use of epilayer samples [ATT10]. The Si:P crystals were produced by
decomposing isotopically enriched silane in a recirculating reactor to produce poly-Si
rods, followed by floating zone crystallisation, with further details found in Ager et

al. [ABHO05]. To observe the frequency and spectral width of the nuclear transitions
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FIGURE 4.1: a) Energy level diagram for Si:P with the electron spin (1/2) and nuclear
spin (1/2) represented by the blue and red arrows, respectively. The rf frequencies under an
applied field of ~ 0.35 T are at approximately 52.4 and 65.1 MHz for the mg = —1/2 and
1/2 transitions, respectively. b) Coherent transfer of an electron spin coherence (represented
by the oscillatory line) to a nuclear spin coherence via the mw and rf transitions shown.

electron nuclear double resonance (ENDOR) must be performed. ENDOR sequences
probe the nuclear spin via the electron spin state, with Davies ENDOR a particularly
suitable scheme for this system (large hyperfine splitting) [SJ01d]. A typical sequence is
as follows: 1,3 — Trfi1,2 = T/ 2muw:1,3 — Tman,3, Where the subscript indicates the pulse
frequency and the transition it addresses, though typically the rf frequency is swept

to find resonance!

. The initial mw pulse acts to invert the electron spin population
with the resonant rf 7 pulse swapping the population between levels |1) and |2). This
results in a reduction in the inverted electron spin echo intensity observed as the |1) : |3)
populations are equalised, shown at ~65 MHz in Figure 4.2. If the rf pulse fully excites
the transition and all population is swapped between levels |1) and |2), then there will
be no population difference between levels |1) : |3) and hence no electron spin echo

will be observed. In general ENDOR experiments, the ENDOR efficiency, Fgnpor, is

characterised by the change in an observed electron spin echo intensity Igsg resulting

!Typically 80 ns mw and 10 s rf m pulses are used for this and the remaining sequences in this
thesis.
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from a resonant rf pulse:

[ESE(HO I”f) - IESE(rf)
2Igsg(no 1f)

FENDOR = (41)

Thus, for the experiment described Fgnpor = 0.5 (where Fenpor ranges from 0 to a
maximum value of 1). Re-thermalising the system is crucial for this sequence to work
and thus the build up of polarisation in one nuclear subspace due to long 77, times
must be avoided. This can be achieved by either a very long shot repetition time (srt)
or more conveniently a m,r.; 2 pulse at the end of the Davies sequence to ‘tidy’ the

polarisation [TMALOG].
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FIGURE 4.2: Si:P Davies ENDOR on the mg = 1/2 transition. The baseline (inverted spin
echo) shape reflects the pulse excitation profile. A ‘tidy’ pulse is used to prevent polarisation
build up ‘shot-to-shot’.

4.2.2 Directly probing the nuclear spin

Having found the nuclear transitions using ENDOR we can coherently transfer or
‘write’ electron spin states to the nuclear spin state using the sequence shown in Fig-
ure 4.1(b). The initial mw pulse creates an electron coherence (‘qubit’) of an arbitrary
phase ., this is then transferred to a double quantum coherence (DQC)?, ,, using

a resonant rf 7 pulse. A final mw 7 pulse subsequently transfers the coherence to a

2This can also be referred to as a pseudo-entangled state between an electron and nuclear spin.
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nuclear spin state, ¢,, where it can be held for the nuclear coherence time 75, as inves-
tigated in Chapter 5. In terms of quantum gate operations discussed in Section 1.4.1
and Section 1.4.2 the two 7w pulses in the ‘write’ process can be considered as ¢-NOT
gates (with some additional phase that can be ignored). As the 7 pulses are selective
on a manifold these two c-NOT gates then constitute a SWAP gate. To validate the
transfer scheme the nuclear spin state can be probed by mapping it to an electron
polarisation via an rf 7/2 pulse, similar to a Ramsey fringe experiment. The rf 7/2
pulse can then be swept across the nuclear spin echo in order to achieve state readout
as an electron Hahn echo, as shown in Figure 4.3. In this figure the rf frequency has
been set off-resonance in order to more clearly see the phase of the recovered echo and
additional pulses have been added to refocus the effect of inhomogeneity in the system.
By varying the phase of the initial electron state the same phase is recovered from the

nuclear spin state, showing that the coherent transfer scheme works.
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FIGURE 4.3: Coherent transfer of electron spin states of phase 0°, 90°, 180° and 270°, to
the nuclear spin state. The state is directly probed via polarisation transfer to the electron
spin and readout using an electron spin echo. The nuclear frequency is set off resonance to

observe the state phase more easily. Mw frequency pulses are shown in blue and rf pulses in
red.
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4.2.3 Transfer of electron to nuclear spin states
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FIGURE 4.4: a) Coherent transfer of electron spin states of phase 0°, 90°, 180° and 270°,
to the nuclear spin state and back with readout via an electron spin echo. Inset (b): the
quantum logic circuit for the transfer process, two c-NOT gates on a specific nuclear subspace
are required to SWAP the qubit state.

Probing the nuclear spin has shown that an electron spin state can be successfully
written to a nuclear spin state. However, for this to be useful we need to be able to
not only coherently transfer a qubit to the nuclear state but also recover this in a non-
destructive way. A pulse scheme can be envisaged which uses the exact opposite of the
transfer to the nuclear spin state to return the qubit state for readout using the electron
spin, shown in Figure 4.4. The additional refocusing pulses in this sequence can be
considered in more detail, being specifically placed to improve the transfer fidelity. The
ensemble of spin states will be subject to inhomogeneous broadening as each individual
spin is subject to slightly different mw and rf fields, see Chapter 2. Thus, electrons
spins will be detuned from the resonant mw frequency by 6., whereas nuclear spins
are detuned from the rf resonant frequency by 6, (in the appropriate reference frame).
During the time 7. ; in the sequence the electron spin state will acquire phase d. but
using a m mw pulse this phase will be ‘unwound’ during the second 7. ;. Therefore,

by placing the mw pulse that writes the coherence fully to the nuclear spin state at
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the end of the second 7 1, a state completely refocused from electronic inhomogeneous
broadening is transferred. Before transfer to the nuclear spin state the qubit is held
as a DQC which will also acquire phase ¢, (overall d, + d,,). To remove the phase,
0n, acquired whilst in the DQC and nuclear spin states, 7,, can be made equal in
length either side of an rf refocusing pulse. Thus, the experiment removes the effect
of inhomogeneous broadening, where 7/d, ~ 2us and 7 /6, = 100us. The scheme will
also work without ,,, refocusing pulses due to the symmetry of the sequence but will
be susceptible to magnetic field noise. Figure 4.4 shows that electron spin states of
0°, 90°, 180° and 270° can be faithfully written to the nuclear spin and recovered for
electron spin read-out. The success of the scheme can be directly shown by storing
the qubit for 7, > T5,, such that all state information recovered must have been held
in the nuclear spin subspace. The sequence therefore produces a functioning quantum

nuclear memory with the quantum logic circuit shown in Figure 4.4(b, inset).

4.2.4 Transfer fidelity

We have shown that a quantum nuclear memory can be successfully implemented in
Si:P. However, ultimately for the memory to be advantageous a high two-way transfer
fidelity is required otherwise quantum information will be lost during the transfer
process, rendering the memory useless. To achieve a high fidelity: pulses must fully
excite the spin transitions requiring careful selection of material as commented upon
in Section 4.2.1; the mw and rf sources do not need to be phase locked (as phase
differences are cancelled out across the scheme) but they must have high phase stability
and dephasing of the system must be refocused, as previously discussed. The fidelity
can be assessed by preparing specific quantum states and comparing the recovered
state (p;) with a reference state prepared in the same way (pg), as shown in Figure 4.5.
The initial states are prepared by: varying the phase of the initial 7/2 mw pulse for
+X and +Y; application of a 7 pulse for +7; a 7 pulse followed by a wait time of
In(2)7T71, for the Identity and no initial pulse for the —Z state. The reference state then

uses a Hahn echo readout with the same 7 = 7.5 as the recovered state, which also
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Tomography of Reference State Tomography of Recovered State
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FicUure 4.5: EPR sequences to generate the states +X,+Y,+7 and I, with readout in
the 0., oy and o, basis. The reference sequences use a simple Hahn echo readout and the
recovered sequences transfer the states to the nuclear spin manifold and back.

employs storage in the nuclear spin. The two states are assessed by observing the in-
phase and quadrature components (o,, 0, basis) from the electron spin echo readout.
The o, basis is recovered by applying a final 7/2 pulse to return the coherence to
a population, followed by a Hahn echo readout. Crucially, this is performed a short
time after the o,, o, basis measurement, with a Hahn echo 7 < T, to prevent any

relaxation that would lead to inaccuracies in the final reduced density matrix.
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FIGURE 4.6: The reference and recovered echoes from the sequences in Figure 4.5. The
0z, 0y echoes occur simultaneously whilst the o, echo is superimposed for clarity.

The reference and recovered echoes are shown in Figure 4.14 in the o,, o, and o,
basis. The reference states are assumed to be pure and are integrated (to give A, .)

and normalised. This is used to obtain the state density matrix tomography shown



4.2 COHERENT STATE TRANSFER IN SI:P 83

in Figure 4.7, where the normalisation is given by:

_ Ago, + Ayoy + Ao,

P/t At &

The recovered states are not normalised with respect to a pure state but rather com-

+1/2 (4.2)

pared to the reference states. The fidelity, I, of the transfer process for the seven
states can be extracted using the convention F' = (¢|p1|¢), where py = [¢) (2|, which
is common in QIP literature [NC00a]. The exact two-way transfer fidelities are shown
in Figure 4.7 of approximately 90% for an arbitrary qubit state between the elec-
tron and nuclear spin degree of freedom. The loss in fidelity is attributed to pulse
error of ~5% over the seven pulse in the transfer sequence, consistent with previ-
ous observations [MTAOba]. The fidelity of the sequence can be improved by replac-
ing each of the microwave pulses with a composite BB1 error correcting microwave
pulse [CLJ03, MTAO5a]. A 7 pulse is optimised with the error correcting sequence
7(0°)-7(104.5°)-2m(313.4°)-7(104.5°), where brackets indicate the axis of rotation in
degrees. Applying this to both the reference and full transfer sequence for the +X
state, a fidelity of 97% is achieved. If BB1 pulses or other error correcting sequences
were to be applied to the rf transitions a similar improvement would be expected, thus

giving near perfect fidelity.
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FiGURE 4.7: The density matrix tomography for the states £X,+Y,+7 and I in the
0z, 0y and o, basis before (reference) and after (recovered) storage within the nuclear spin
state.
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4.2.5 Process tomography

Having assessed the fidelity for the transfer of individual quantum states, one can
perform process tomography to obtain a process matrix and fidelity for the transfer
scheme [NCOOb]. If the states |t);) are prepared, then performing the process operation
will give the output &(|¢;) (¥;]), where € is the quantum operator. To determine
this experimentally a set of operation elements, {E;}, can be considered for &, such
that E(p) = ZElpEj . However, experimental results will be numerical rather than
operators and thus we can alternatively represent € using a fixed set of operators Ej,

where F; = Z eimE~m, and e;,, is a set of complex quantum numbers. This will then

m
give:

e
E(p) = EmpEn Xomn (4.3)

where X, is a complex number matrix that can completely describe £ for a fixed
set of operators, F;. To obtain the y matrix for a one qubit operation four operators
are required to give the matrices: p| = +7; p) = —7Z; p/, = +X and p_ = +Y, all
of which were obtained in the previous section. pj and p} are then further given by:
py = py —ipl — (0.5 x (1 —d)(py +pL) and py = p!, +ip_ — (0.5 x (1 —0)(p, + L),

respectively. Using these the y matrix can then be extracted according to the equation:

/
=A (4.4)
P Py
where,
1| I o,
o, —I

We actually require the process tomography to be compared not to an ideal y matrix
but to an initial or reference y matrix, similar to Section 4.2.4. This can be found given
the reference and recovered y matrices and solving a series of linear equations. The y
matrix is shown in Figure 4.8, representing the process tomography for the coherent

transfer of quantum information between electron and nuclear spin states. The fidelity
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of the operation is shown by the element (ﬁ, ﬁ), which if the transfer is perfect will be
the I operation (unity). The element shows a fidelity of 84%, compared to a perfect I,

a little lower than the individual state fidelities.

FIGURE 4.8: Quantum process tomography matrix (x) for the transfer of a qubit state
from the electron to the nuclear degree of freedom and back, in the basis (I, 0y, 0y, 0.). X is
evaluated given reference and recovered matrices and gives a fidelity compared to a perfect I
of 0.84.

4.3 Coherent transfer in PN@C,

4.3.1 The PYN@Cy, system

The electron spin properties of ’N@QCy, in a Cgy matrix were explored in Section 4.3.1
and showed both long 75, and T3, times. In Si:P, these properties allowed the nuclear
spin to also be exploited through coherent transfer in a simple four level solid state
system. In contrast, ’NQ@QCg, is a molecular, high-spin, eight level system as shown
in Figure 4.9 and therefore requires a different approach. The system consists of an
S = 3/2 electron spin coupled via an isotropic hyperfine interaction (Eq. 3.1) of 22 MHz
to the N nuclear spin (I = 1/2). Under an applied magnetic field of ~ 0.35 T this
produces a doublet in the electron spin resonance (ESR) spectrum where each line
corresponds to a state of m; [MVTAOQ7]. To first order, the three electron Amg =

1 transitions in each m; subspace have the same energy and cannot be addressed
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FIGURE 4.9: The coupled electron spin (S = 3/2), nuclear spin (I = 1/2) system for
I5N@Cgp leads to 8 levels. A qubit can be represented across an electron spin transition
where my = —1/2, mg = £1/2 are denoted states |0) and |1). Transitions can be addressed
via resonant microwave (mw) and radiofrequency (rf) pulses (typically 7=80 ns and 10 us,
respectively). The rf frequencies under an applied field of ~ 0.35 T" are at approximately 9.6,
12.4, 31.6 and 34.5 MHz for the transitions ms = 1/2,—1/2,3/2 and —3/2, respectively.

individually [MTAO5b]. Thus a 7/2 ESR pulse (selective on one m; state) produces
coherences across all three pairs of levels (with Amg = 1). For convenience, we will refer
to an electron coherence between mg levels +1/2 : —1/2 as an inner coherence, and
those between mg levels £3/2 : £1/2 as outer coherences. A qubit could be represented
by any of the pairs of levels in the system but we specifically define the qubit between

the inner pair of mg levels, in the subspace of m; = —1/2 (see Figure 4.9).

4.3.2 Coherence transfer ENDOR

To understand the ’N@Cy, system we need to probe the contributions from the dif-
ferent electron spin levels and find the nuclear spin transition frequencies. Using Si:P,
we introduced Davies ENDOR as an appropriate tool to locate the rf resonances but
it is found that this is not appropriate for the mg = £1/2 levels in the NQCg, system
(summarised in Ref [Mor05b]). An alternative scheme utilises a Hahn echo sequence
with the addition of resonant rf pulses to remove or impart phase shifts of coherences,

known as ‘coherence transfer’ ENDOR [SJOle]. A simple sequence is described by
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FIGURE 4.10: Coherence transfer experiments using the sequences outlined in Table 4.1,
conducted on the m; = +1/2 transitions at 40 K. Sequence A shows an additional broad
feature due to the Bloch-Siegert shift [SJOle|, this is eliminated by using sequence B —
typically used to find the rf transition frequency, for instance, as required in the next section.

T/ 2w — 27y — Ty — €cho (Table 4.1 (A)), whereby the rf 27 pulse imparts a m phase
shift on an electron spin coherence and the signal (in a electron spin-1/2 system) varies
from a relative +1 — —1 or Fgnpor = 1 (where Fgnpor = 1 is the maximum coher-
ence information available). Thus, by sweeping the rf field the resonant transition can
be found. An electron spin-3/2 system differs from a spin-1/2 system as the rf pulse
can affect either the outer electron coherences, mg = +3/2, or both outer and inner
electron coherences, mg = +1/2. Thus, a series of experiments, shown in Table 4.1,
can be envisaged in order to not only find the rf transition but once on resonance,

ascertain the contribution from the outer coherences to the Hahn echo intensity.

Sequence RF(i) RF(ii)

A 27, 0
B Ty T,
C T2y TyTy

Table 4.1: Coherence transfer experiments using 7 /2., — RF' (i) — Ty — RF (i1) — echo.
In the table the pulse subscript indicates the axis rotation. In experiments (B) and (C)
the splitting of the rf pulse, i.e. an rf 7 pulse before and after the mw refocusing pulse,
avoids the Bloch-Siegert shift. In (C) the rf pulses with differing axis of rotation, m,m,,
act to induce a 7/2 phase shift on the electron spin echo.
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Table 4.2 shows the theoretical results of the sequences outlined in Table 4.1 under
two scenarios: i) all coherences contribute to the echo observed, and ii) only the inner
coherence contribute. The experimental results are shown to be entirely consistent with
the latter case. Therefore, using any of the sequences and sweeping the rf field, the
mg £ 1/2 transitions can be found (typically sequence B is used with Frxpor = 0.5)
which are required for the coherent transfer sequence to be implemented. It also
means that the initial reference echoes generated using a Hahn echo sequence such as
in Figure 4.5 (for Si:P) can still be used to compare the fidelity of the transfer process.
This is because there cannot be any contribution from outer coherences (which are not
transferred) to this reference echo, on the timescale of 70 us, which is less than the

Hahn echo 7 of 140 us .

RF resonant Sequence A (FENpOR)
(mg) all coh. inner only Exp.
+1/2 0.7 1 0.936(1)
+3/2 0.3 0 0.00000(8)
RF resonant Sequence B (FENDOR)
(mg) all coh. inner only Exp.
+1/2 0.5 0.5 0.4736(9)
+3/2 0.3 0 0.00000(7)
RF resonant Sequence C (FENDOR)
(mg) all coh. inner only Exp.
+1/2 0.7(X):0.3(Y) 1 0.990(1)
+3/2 0.3(X):0.3(Y) 0 0.00000(6)

Table 4.2: Coherence transfer experiments using the sequences outlined in Table 4.1,
conducted on the mg = +3/2 and +1/2 transitions (m; = +1/2), are compared
with two theoretical scenarios: one in which the observed electron spin echo contains
maximum contribution from all coherences (‘all coh.”) and a second in which only
the inner coherences contribute to the echo (‘inner only’). Brackets indicate the phase
of the signal (split between the X and Y channels of the quadrature detector). The
experimental results are consistent with the expected contribution if no outer coherence
is observed on the timescale of 70 us.
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4.3.3 Transfer of electron to nuclear spin states

Having obtained the mg £ 1/2 nuclear transition frequencies using coherence transfer
ENDOR, electron spin states can be coherently transferred to the mg £ 1/2 nuclear
spin states. A sequence similar to that applied to Si:P can be used but it is complicated
by the S = 3/2 electron spin, such that the initial 7/2 mw pulse produces both an

inner coherence and unwanted outer coherences, as shown in Figure 4.11.

m;  mj - m;  mi mr  mj
a 12 41 s 12 +12 12 412
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E-coherence  Transfer to N N- Transfer to E
of phase ¢ coherence

FIGURE 4.11: a) Transfer of a qubit state from an electron spin degree of freedom to the
5N nuclear spin, within the mg = —i—% subspace. Coherences are depicted by zig-zag lines
and ‘unwanted’ coherences generated by the initial 7/2 pulse on the S = 3/2 electron spin
are shown in grey. At the end of the transfer sequence, such coherences will decay on the
timescale of 15, or faster, while the stored qubit will lose coherence on the timescale of T5;,.
b) The full two-way transfer sequence.

The general scheme works in the same way, using an rf 7 pulse on the mg = +1/2
transition (a ¢-NOT in quantum gate terminology) then transferring the qubit to an
electron-nuclear cross coherence (¢,). A mw 7 pulse selective on m; = —1/2 then com-
pletes the SWAP operation to produce a nuclear coherence (¢,,). Unwanted outer co-
herences generated during the sequence remain as both electron- and multiple-quantum

coherences, which will decay on the timescale of the electron spin decoherence time
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(Tye) or faster as shown® in Section 4.1. The desired nuclear spin coherence can then
be stored for many milliseconds before transfer back to the electron spin via a reverse

of the sequence and readout by a conventional electron spin (Hahn) echo.

4.3.4 Labelling the nuclear transition

In the Si:P experiments we showed that coherent transfer sequence worked by di-
rectly probing the nuclear spin state, Section 4.2.2. This sequence can not be im-
plemented using high spin »N@QCg,. We must therefore use an alternative method
to confirm that the recovered electron spin echo arises solely from a state that was
stored in a nuclear spin degree of freedom. One such method is to apply a time-
varying phase shift to the nuclear spin and observe a corresponding phase shift in the
electron spin echo [H6f96]. To apply this phase we employ a geometric phase gate
similar to that of Aharonov-Anandan gate [AA87, SMP88], consisting of two reso-
nant 7 rf pulses which will be invariant to spin populations. Varying the phase of the
second rf pulse relative to the first by d¢, the nuclear spin qubit undergoes a path
around the Bloch sphere, resulting in a geometric phase. In the basis (mg,m;) =
[(1/2,1/2),(-1/2,1/2),(1/2,-1/2),(—1/2,—1/2)] a m followed by a 7, pulse (where
the subscript indicates the phase) applies a phase of 2¢ to the nuclear coherence, given

by the operator:

e 0 0 0
01 0 0
U(¢) = | (4.6)
0 0 e 0
00 0 1

Experimentally this is implemented by applying the two rf pulses immediately after the
refocusing rf pulse (see Figure 4.11(b)) and incrementing the phase of the second using

a using a Rohde and Schwarz AFQ 100B. A Fourier transform of the phase-incremented

3The shorter outer decoherence time shown in this section has been refocused in a Hahn echo. The
previous chapter showed a ZFS may be present in the sample so it may be that the decoherence times
of the outer coherence are long but that they cannot be refocused due to shifts in the energy levels.
In this case it would be difficult to measure the Ts. of these transitions.
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FIGURE 4.12: (a) Incrementing the phase of a nuclear coherence, with the real channel in
blue and imaginary channel in red (b) Fourier transform of the phase increment with a peak
corresponding to a nuclear coherence, in this case set to -2¢. Additional frequencies are due
pulse imperfections.

signal, as shown in Figure 4.12, shows the frequency component corresponding to a sig-
nal from a nuclear coherence only, given in this case by -2¢. A T, measurement can be
conducted whilst incrementing the phase (such that the x axis gives both decoherence
time and phase increment (per point)) to show that this coherence contributes fully to

the decaying signal.
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FIGURE 4.13: Nuclear decoherence curve at 60 K with phase increment (512 points) on
the nuclear transition using a geometric phase gate. The data is fit to damped oscillatory
function with an increment frequency 2¢ as expected given a phase increment of ¢, according
to the operator in Equation (4.6).
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The oscillating experimental data, Figure 4.13, fits well to a damped oscillatory func-
tion, e~/ cos(wt), which at 60 K gives Tb, = 2.75 £ 0.27 ms and an increment fre-
quency of 0.089 radians/experimental shot. This is entirely consistent with the Ty,
given by the standard measurement and is at the expected nuclear coherence frequency
(2¢ = 0.088 radians/experimental shot). This therefore shows that there is no evidence
of any other contribution to the electron spin echo and that the transferred state is

held entirely in the nuclear spin degree of freedom.

4.3.5 Transfer fidelity and process tomography

Now that we have shown that the transfer process works we can assess how successful
it is by observing the two-way transfer fidelity for arbitrary qubit states. High fidelity
measurements can be expected as the full electronic and nuclear transitions are excited.
This is made possible by using short pulse lengths, typically 80 ns mw and 10 us rf
7 pulses, and the narrow intrinsic sample ESR and NMR linewidths < 0.6 MHz and
15 kHz, respectively. States are prepared in the same way outlined in Section 4.2.4
and Figure 4.5 but the reference states have exactly the same electron spin dephasing
time, 7 = 7.1 + Te2, as the recovered state. The fidelity is shown in Figure 4.15 as
~90%, similar to Si:P, with the loss in fidelity again attributed to pulse error. Using
BB1 mw error correcting pulses on the +X state improves the fidelity to 94%, this is
a little less than the Si:P system and perhaps indicates slightly worse pulse control in

this powder environment, particularly for the rf pulses.
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F1GURE 4.14: The reference and recovered echoes from the sequences in Figure 4.5. The
0z, 0y echoes occur simultaneously whilst the o, echo is superimposed for clarity.
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FIGURE 4.15: Density matrix tomography of the nominal +X, +Y, +7Z, -X, -Y, -Z and
Identity pseudopure states for the initial state and that recovered after storage in the nuclear
spin degree of freedom. The fidelity is calculated using F'=(1|p1|1)), where py = [1) (3]

The robustness of the transfer sequence can also be examined by ‘storing’ the qubit
state in the nuclear spin, returning it to the electron spin and then ‘re-storing’ it in the
nuclear spin before readout in the electron spin. Such a sequence gives a 4-way transfer
fidelity (expected to be the square of the 2-way fidelity) and allows the storage of the
inner electron coherence (m; = —1/2,mg = £1/2 levels) only, as the initial storage
acts to completely remove the outer unwanted electron coherences. The restore fidelity

is given in Figure 4.16 in agreement with the standard transfer sequence (Figure 4.15).

Having shown the storage and retrieval of the +X, +Y and + Z qubit states in the
nuclear spin degree of freedom we can extract the process tomography for the operation.
Following the procedure discussed in Section 4.2.5 the xy matrix is shown in Figure 4.17
(a). This has a fidelity, compared to the perfect I, of 88%, similar to that shown by the
individual quantum states and actually slightly higher than in Si:P. This is indicative of
the slightly higher 47 state fidelities using N@QCg, compared to Si:P, perhaps arising
from more careful matching of the electron spin dephasing time between reference and
recovered states for N@Cg,. The y matrix for the restore process has also been
extracted, Figure 4.17 (b), showing a +/fidelity of 86% in agreement with the single

storage procedure and state tomography data.
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FIGURE 4.16: ‘Re-store’ fidelity. Density matrix tomography of the nominal +X, +Y,
47, -X, -Y, -Z and Identity pseudopure states for the initial state and that recovered after
storage twice in the nuclear spin degree of freedom. The 4-way fidelity is calculated using

F = (Y|p1]yp), where pg = |[1)(¢p]. The 2-way fidelity is given by the square route of the
4-way fidelity.

4.3.6 Probing the mg = +3/2 rf transitions using Davies EN-
DOR

In Section 4.1 we probed the mg = £1/2 1f transitions using coherence transfer ENDOR
and showed that no outer electron coherence is present for 7 greater than 70 us.
Therefore one might naively expect that it is not possible to probe rf transitions in the
mg = £3/2 subspace using Davies ENDOR (700 — Ty — T/ 200 — T — €cho [SJ01d]).
However, in fact it can be shown that such a Davies ENDOR signal can be observed via
the electron inner coherence. If the reduced m; = —1/2 subspace is considered in the
electron spin basis [3/2, 1/2, -1/2, -3/2] then an inverted population (7,,,) followed

by a m,.¢ pulse resonant on the mg = +3/2 level will yield the density matrix:

3/2 0 0 0
0 -1/2 0 0
0 0 1/2 0
0O 0 0 3/2
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Completing the sequence with a spin echo readout gives:

3/8 iv3/8  —3v3/8  3i/8
iV3/8 9/8 —i/8  —3v/3/8
-3v3/8 /8 9/8 iv3/8
—3i/8 —3v3/8 —iv3/8  3/8

Given the results of the previous section, we know the electron spin echo intensity is

determined by the inner coherence only, characterised by a measurement of S, (inner):

00 0 O
00 —2 O
Ivsg = Tr[p.S,(inner)| = 1/4, where S, (inner) = (4.9)
02 0 O
00 0 O

As Iggg(no rf)= —1 in the Davies ENDOR experiment, this yields Fgxpor = 0.625.

Thus, theoretically one is able to observe the mg = £3/2 ENDOR transitions through
the inner electron coherence. This result can be understood by examining the nature
of a m/2 pulse in the high spin system. Figure 4.18(a) shows the relative populations
of the high spin system (starting from a thermal state) under the influence of a mw
pulse of varying length. As expected, a m/2 pulse acts to equalise the populations,
while a 7 pulse swaps populations. However, in Figure 4.18(b), starting from the
state in Equation (4.7) during the Davies ENDOR experiment, the subsequent /2
pulse acts to separately equalise both the mg = +3/2 and mg = +1/2 levels. The
mg = £1/2 levels (in blue) actually increase in relative population on application of
a m/2 pulse relative to the mg = +3/2 populations. This behaviour gives rise to the
observable ENDOR signal which is confirmed experimentally with Frnpor ~ 0.4, as
shown in Figure 4.19. The difference between theoretical and experimental Fgnpor
values is due to imperfect pulses. Significantly this means that the full nuclear spin
subspace can be exploited even if the outer electron coherence times are short (see next

section).
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Re(y) Store
1

1

FIGURE 4.17: Quantum process tomography matrix (x) for the transfer of a qubit state
from the electron to the nuclear degree of freedom and back a) once (store) and b) twice
(restore), in the basis (I, o4, 0y, 0;). X is evaluated given reference and recovered matrices
and gives a fidelity compared to a perfect I of a) 0.88 and b) 0.74 (+/ fidelity = 0.86).

4.3.7 Nuclear coherence in the mg = £3/2 subspace

The previous sections discussed the transfer of qubit states from the electron spin inner
levels to the nuclear spin mg = £1/2 manifolds. Transfer from of an electron spin
outer coherence to the nuclear spin is not possible, but the nuclear spin transitions
in the mg = £3/2 manifolds could be still used to store quantum information and
make greater use of the multi-levelled system. A sequence can be applied to directly
probe Ty, of the mg = +3/2 manifolds not possible in the low concentration limit
using NMR. The sequence (Figure 4.20) uses an rf 7/2 pulse on the mg = +3/2

manifold to directly generate a nuclear coherence of arbitrary phase (given by ¢). The



4.3 COHERENT TRANSFER IN PN@Cy, 97

[
o

32 3/2
g g
=12 =12
2. 2.
3 S
> s 7 n/ 3ma  \2n

o T
.%_1/2 .2_1/2/ \/ \
= Pulse length = Pulse length
~ (7
-3/2 -3/2¢t

FIGURE 4.18: Relative population of an electron spin 3/2 system under application of a
pulse of varying length a) Starting from an initial S, or inverted state b) Starting from an
inverted state with a 7 rf pulse resonant on the mg = +3/2 level (as in a Davies ENDOR
experiment on the mg = +3/2 line, this state is shown in Equation (4.7)).
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FIGURE 4.19: 1®"N@QCgq Davies ENDOR on the mg = 3/2 transition with a ‘tidying’ pulse
(see the section on Si:P ENDOR). The resonance is observed through the inner electron
coherence, as described in the text.

coherence is then stored for a time (27,,) and transferred to a nuclear polarisation via
a second rf 7 /2 pulse for readout by a selective electron spin echo. The rf frequency in
Figure 4.20 is set to 40 kHz off-resonance and the second 7/2 pulse swept to show the
fringe pattern of the nuclear coherence, read via the electron spin. The phase varies
as expected with the initial coherence generated. The T5, can then be measured with
the rf on resonance and the electron spin readout in fixed position, incrementing 7,.
A subtlety of this experiment is that it only allows measurement of T5, in the region

where T}, > Tb,, as it relies on the polarisation given by the electron spin inversion



98 COHERENT TRANSFER BETWEEN THE ELECTRON AND NUCLEAR SPIN STATE

(initial 7 mw pulse). Remarkably, as the measurement is effectively of electron spins
that have not relaxed, when T3, < T5, the nuclear spin shows no decoherence. In the
low temperature region we find 7T}, > T5, and the extracted nuclear coherence times for
the mg = £3/2 transitions to be of similar order to those in the mg = +1/2 manifolds,

which we explore in the next chapter. This indicates a nuclear decoherence mechanism

which acts similarly for all nuclear spin manifolds.

(N-spin echo) E-spin echo
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FIGURE 4.20: Sequence to probe the nuclear coherence for mg = +3/2, as described in the
text. The initial phase generated in the nuclear spin is faithfully recovered by polarisation
transfer and readout using the electron spin. The nuclear coherence is off-resonance in order
to more clearly observe the recovered phase.

4.3.8 Controlling interactions through coherent transfer

The work described thus far utilises the coherent transfer from electron to nuclear spin
states as a memory element. However, the weaker magnetic moment of the nuclear
spin can also be exploited to effectively turn on and off inter-qubit dipolar interactions
which are ‘always-on’. The theoretical implications of this have been elucidated in

a number of molecular proposals [SL02b, HMW02, JSD07, YXW10, BAB06]. These
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arise from the generalised Hamiltonian for dipolar interaction, given by:

Haip = 5 (15 - oo — 3(p5 - 75) @ (o - Tjx)) (4.10)
47r7“j,k

where pp is the permittivity of free-space, r;; the distance between the two spins
and p the magnetic moment [NC00a]. The magnetic moment of a nuclear spin is
typically 3 orders of magnitude weaker than an electron spin and thus inter-qubit
dipolar interactions can effectively be turned on and off with a ratio of ~10°, by
moving between entities. The advantages of a molecular system are the ability to
produce larger QIP architectures that can be engineered to control electron dipolar
interaction [GRKS10]. The simplest example of this would be a dimer system with a
dipolar interaction of two spins, [ and m, with the field and dimer axis aligned, this is
given by:

MoV Ym
Hdip = Ay (S:p,l ® Sa:,m + Sy,l ® Sy,m - QSZ,Z & Sz,m) (411)

where 7y is the gyromagnetic ratio of the two spins, r;,, the distance between the two
spins and S; the spin matrices. We do not have the control of a dimer system but have
previously extracted, in Section 3.5.2, a dipolar coupling of 2.5 kHz between electron
spins at the average NQCg, separation. Applying the coherent transfer sequence, in
the nuclear spin state we would now expect a much weaker inter-qubit dipolar cou-
pling, based on Equation (4.10), on the order of milliHz. The nuclear dipolar coupling
can be assessed through the effect on 75, of an ‘instantaneous diffusion’ experiment,
similar to that applied on the electron spin (Section 4.3.1). Using the transfer sequence
in Figure 4.11 and varying the time the state is held in the nuclear spin (7,), the T,
time can be found. The length of the nuclear refocusing pulse can then be reduced (0.2
< sin?(0,1/2) < 1.0, see Figure 4.21), showing no appreciable change in Ty, at 20 K.
Hence, we show the dipolar interaction is < 25 Hz and effectively ‘turned off” between
neighbouring nuclear spin qubits. The value of T3, limits the interaction frequency

that can be observed such that we can only extract an upper bound for the dipolar
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coupling. However, the experiment shows that the coherent state transfer can effec-
tively turn on/off inter-qubit interactions by at least three orders of magnitude and is
expected to do this by six orders of magnitude. Therefore, given precision engineered
larger architectures, state transfer could be used to control qubit interactions, a key

requirements towards quantum information processing [DiV00].
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FIGURE 4.21: Dipolar coupling between nuclear (red) and electron (green) spin states can
be measured by varying the length of the refocusing pulse 02 (see main text), found to be
much weaker when they reside in the nuclear spin than in the electron spin (data taken at
20 and 40 K respectively). Due to the limited nuclear spin coherence time, only an upper
bound for the nuclear dipolar coupling strength can be extracted. The data for the electron
spin excludes the effect of impurity spins, dominant at low turning angles (see Section 3.5.2)
for simplicity.

4.4 High purity state production: Entanglement in
Si:P

The work described in Section 4.2 and Section 4.3 shows the coherent transfer of
pseudo-pure electron starting states, such as £X, +Y and £7, to the nuclear spin and
back. However, using EPR and moving to lower temperatures and higher magnetic

fields the polarisation available to the electron spin can be increased, resulting in high
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purity starting states. A particularly interesting state is that of an pseudo-pure en-
tangled state generated during the coherent transfer process after the application of
a /2y, and m.p pulse as shown in Figure 4.1(b), where it is also referred to as a
DQC. Pseudo-pure entanglement between electron and nuclear spin states has previ-
ously been created in »"NQ@QCg, by Mehring et al. [MSWO04], similar to a step in the
coherent transfer sequences, Figure 4.11, but using the outer levels. Proving entan-
glement is present is more challenging and requires specific phase labeling of all the
coherences through the application of Z-gates, such as geometric phase gates similar to
those shown in Section 4.3.4. To produce ‘true’ entanglement rather than just pseudo-
entanglement one must go to low temperatures and high magnetic fields. The system
can also be further ‘hyperpolarised’ by manipulation based on moving populations to
one nuclear spin manifold and utilising the faster electron, compared to the nuclear
spin, relaxation. Thus, using the ‘hyperpolarisation’ sequence and at 2.9 K and 3.4 T,
we have shown ‘true’ entanglement in Si:P. This is not the main discussion of this thesis
but is described further in Ref [SBR11]. However, the work highlights that high purity
initial states could be produced and full tomography of the system used to readout
more complex algorithms and procedures, such as interactions of two electron spin

qubits using the dipolar interaction in molecular systems, see Section 4.3.8.



102 COHERENT TRANSFER BETWEEN THE ELECTRON AND NUCLEAR SPIN STATE




Nuclear decoherence

5.1 Introduction

The previous section outlined how electron spin states could be coherently transferred
to nuclear spin states, and back, with high fidelity. This was conducted for both
Si:P and N@Cg, samples, with the latter also showing that this transfer could be
used to turn on and off dipolar interactions. However, the main advantage of this
propagation process is to utilise the anticipated longer nuclear spin decoherence times
(Tan), compared to electron spin decoherence times. A longer Tb, is expected due to
the weak magnetic moment of the nuclear spin, typically three orders of magnitude less

than the electron spin, and hence much weaker interaction with the environment. This

103
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chapter will explore if indeed longer nuclear coherence times are observed, how these
vary with temperature and the fundamental limits of these times through modelling of

the systems.

5.2 Nuclear decoherence times in Si:P

5.2.1 Experimental nuclear decoherence sequence

The nuclear spin decoherence time can be assessed using the standard transfer se-
quence, illustrated in Figure 4.4, but extending the time in which the state is held in
the nuclear spin degree of freedom, 7,,. The recovered electron spin echo state (typi-
cally +X) is monitored whilst extending 7,,, with the echo decay giving 75,. During
this process all other timings and pulse lengths must stay the same, especially the time
in which the state is held in the electron spin degree of freedom. T5, is found using
the low concentration, 1.2 x 10 P cm™3, single crystal sample that was used to show
the high fidelity transfer process. In the range 9-12 K this sample (and other higher
concentration samples) show Ty, to be limited by twice Ti.. Intuitively, this is perhaps
a surprising result as one would expect a spin flip to cause the system to decohere
and hence give a limit of T3, = Ti.. Over 9-12 K T5, follows the T}, Arrhenius tem-
perature dependence, increasing exponentially with decreasing temperature according
to a two phonon relaxation processes coupled to an excited state [Cas62, TLARO3].
This is known as an Orbach relaxation process, with similar dependence to the anal-
ysis described in Section 3.3 and Section 3.5.5, i.e. Tj, o e®/#8T) — 1 but where
A is the energy gap to the excited state involved in the relaxation process, given as

A =126 K [TLARO3], rather than to a vibrational mode.
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5.2.2 Modelling nuclear decoherence in an electron spin-1/2

system

To understand and prove the experimentally observed limit, 75, = 2Tj., the Si:P
system can be modelled. The model is constructed using Mathematica to simulate the
effect of electron relaxation on a nuclear spin coherence. The model is general in that
it could be applied to various nuclear spin-1/2, electron spin-1/2 systems, depending

on the parameters set.

The chosen basis, described more fully in terms of the individual matrix elements

in Section 2.3, is:

o[BG e

where S represents the electron spin, and I the nuclear spin. The system is initialised
at thermal equilibrium and can undergo a series of microwave or radiofrequency pulses,

modelled as matrix rotations, to produce the state before relaxation.

Electron relaxation is modelled using a standard master equation in Lindblad form
(i.e. the Liouville-von Neumann equation with relaxation terms). In order to represent
processes that take the system to thermal equilibrium, both raising and lowering terms

are included.
o Y g-ctg-gt N Py TN — oy
p——E(pS ST+S87S5Tp—25"pS )—T(pS ST+STSTp—25"pST)—i[H, p] (5.2)

where 7 is the relaxation rate, § = —% and ST and S~ are the electron spin raising

and lowering operators (S = S, 4+ i9,) given in matrix form as:

01 00 0000
0000 B 1 000
00 01 0000
0000 0010
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FiGURE 5.1: Figure showing partial traces of systems under electron relaxation, starting
with the state corresponding to: a) an electron inversion; b) an electron coherence; c) a
nuclear coherence and d) both an electron inversion (blue) and a nuclear coherence (red).
The parameters used are representative of phosphorous doped silicon (A = 100 MHz, v = 100
Hz, § = 0.02) and when fitted (d) gives 15, = 2T.

The master equation can be simplified by transforming into the rotating frame of the
Hamiltonian, taking an Ising approximation (Hy = w.S, — wil, + A-S.-1,). In this
frame, H goes to 0, and we are left only with the relaxation part of Equation (5.2),
with S* and S~ transformed into the rotating frame. The differential can be solved

numerically for each element of the matrix and the result given via a partial trace.

The state before relaxation can be initialised and values set to model the effect on
an electron inversion, electron coherence and nuclear coherence, shown in Figure 5.1.
Using appropriate parameters for phosphorous doped silicon and fitting the traces for

Ty, and T}, the simulation reveals, graphically shown in Figure 5.1 (d), that Ty, = 2 T}..

Having shown the relationship through numerical simulation an analytical analysis of
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the relaxation process can be performed. Neglecting direct nuclear relaxation (77,—

o0) and in the high temperature limit, this yields:

p11(t) — p22(t) p1,2(t) pra(t) — e Hpaal(t) pr4(t)
. v p2.1(t) p11(t) — p22(t) p2,3(t) paa(t) — e p5(t)
2| paalt) — epya(t) p32(t) p33(t) — paa(t) p3.4(t)
pa(t) pap(t) — e psa(t) Pa3(t) p33(t) — paa(t)
(5.4)

The electron relaxation rate, (%), can be ascertained by observing the appropriate

density matrix elements:

. . 7
P11+ P33 = —5(01,1 + ps3) + %(pQ,Q + paa) = _%(pl,l + ps3) + %(1 — P11 — P33)

Taking p. = p11 + ps3 then, p. = —y(pe — 1/2). Solving this gives:
pe = 1/2e7 (" 4+ 2py — 1) (5.5)

where pg is the density matrix at time zero, in this case given as 1. Alternatively, this

can be expressed as:

pe=1/2e"""+1/2 (5.6)
Hence, electron relaxation follows e and the electron relaxation time, T}, = %

The nuclear coherence is given by pn, = p3.1+pa2. Extracting these terms from Eq. 5.4
yields two coupled differential equations:
1 1At

3 —e
P31 _ e P31 (5.7)

P42 —e 1 P42

The time dependence in the 2 X 2 matrix in this equation can be eliminated by making
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a time dependent unitary transformation and solving for new variables p3 ; and pj ,.

/ At /2
P31 P3,1 et/ 0 P31

Following this transformation, solving the pair of differential equations gives an eigen-
value problem. In the experiments the hyperfine coupling A = 117 MHz and ~ ranges
from 1 kHz to less than 1 Hz (as a function of temperature), hence we can take the
limit A > ~. In this case, both characteristic eigenvalues have a real part of —v/2,
and therefore any nuclear coherence decays with this rate. Thus T3, = % = 2T, as

numerically simulated and experimentally observed.

Effect of hyperfine interaction

An interesting feature of the relaxation model is the relationship between A and ~. In
the limit of A < v the model leads to no relaxation of the nuclear decoherence due
to the small hyperfine interaction. However as A approaches ~ it leads to oscillations
in the nuclear decoherence, maximised at A = 7 a result that is seen graphically in
Figure 5.2. Probing these oscillations using an EPR experiment would prove difficult
as the short relaxation times required (to give A = =) would not allow the nuclear
coherence to be observed (using the sequence shown in the previous chapter). However,
it may be possible to probe the nuclear coherence directly using an NMR experiment

and a material with a short electron spin relaxation time.

5.2.3 Experimental nuclear decoherence temperature depen-

dence

Modelling the system has shown that the fundamental limit for 75, is 2 T},, also shown

experimentally above 9 K.

However, below 9 K although T}, continues to increase exponentially, 75, becomes
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FIGURE 5.2: A nuclear coherence under electron relaxation, varying the parameter A with
v set to 100 Hz.

limited by an additional decoherence process, shown in Figure 5.3.

The T3, temperature dependence can therefore be fitted as a sum of two rates:

Ton=——"—"" (5.9)

’Tlim 2T,

where Tj;,, is a constant determined experimentally. The fitting for this sample in Fig-
ure 5.3 shows a limit of approximately 50 ms using the standard Hahn echo sequence.
To improve this time we can dynamically decouple the nuclear spin state from the
environment using techniques that have been previously implemented in NMR. The
Carr-Purcell (CP) [CP54] and Carr-Purcell-Meiboom-Gill (CPMG) [MG58] sequences
apply a series of 7, pulses to refocus the nuclear spin echo, removing the effect of field
fluctuations. Experimentally this is implemented by applying up to 1000 m,; pulses
whilst the qubit is held in the nuclear state. CP applies pulses around the same axis
in which the magnetisation is initially tipped into the plane, whereas CPMG applies
the pulse around the orthogonal axis (e.g m,/2 — [m,], for CP and 7,/2 — [m,], for
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FIGURE 5.3: T, and T3, standard Hahn echo and CP sequence, as a function of tempera-
ture for sample 1. Estimated relaxation rate is modelled as a sum of two rates, twice electron
relaxation and a fitted second limiting rate, given by Eq. 5.9.

CPMG, where n is the number of refocusing pulses and the subscript indicates the
axis of rotation). Applying the CP sequence to the same sample that a Hahn echo Ty,
~ 50 ms limit was observed, a Ty, limit of 660 ms is found. Again the temperature
dependence is fitted to Equation (5.9) as shown in Figure 5.3. CP is known to be more
sensitive to rotational errors than CPMG and thus applying a CPMG sequence with a
repetition rate of 1-kHz at 5.5 K we can achieve a T3, of 1.75 s, shown in Figure 5.4.
If we compare this time to the 75, time of the sample, given under optimised condi-
tions as 6.5 ms, we show an improvement in the decoherence time of several orders of
magnitude. Thus, we show a viable quantum memory using the 3!P nuclear spin with

a long nuclear coherence time.

As well as showing temperature dependence Ty, also reveals sample dependence on
the limiting decoherence time, 7Tj;,,. To understand this a range of samples must be
produced, varying parameters such as the dopant concentration, Boron compensation

and the 2°Si:?8Si ratio. However, producing precise samples without varying multiple
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FIGURE 5.4: Ty, at 5.5 K using a a CPMG sequence. The data fits to an exponential
decay time of 1.75 s, with the spectrometer software limiting the experimental acquisition of
data to 1 s.

parameters is difficult, thus, this dependence is yet to be fully understood and is the

subject of continual research.

5.3 Nuclear decoherence times in "N@Cy,

5.3.1 Experimental nuclear decoherence times

The nuclear decoherence time for ?’N@QCg, can be determined by increasing the shot
to shot time quantum information is held within the nuclear spin state and observing
the recovered electron spin echo decay, similar to Si:P. This is shown in Figure 5.5
over the range 5-80 K, at 80 K the Ts, of the system begins to decrease, making high
fidelity transfer difficult above this temperature (weak recovered signal). Over the
range 40-80 K the 75, time is found to be limited by T}, of the system. In contrast to

the electron spin-1/2 Si:P system, the experimental limit is not found to be twice T},
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FIGURE 5.5: Relaxation and decoherence times as a function of temperature: Tj, (blue,
circle), The (green, square), To, (red, triangle), from monoexponential fits with error less
than the marker size unless shown. The dashed line is a fit to an Arrhenius temperature

dependence for The(see Section 5.6). The dotted line for Ty is a guide. Inset, the nuclear
decoherence curve with a monoexponential fit to 135 4+ 13 ms at 10 K.

but is given as Ty,~ 0.6 T}, which is modelled in the following section. The Arrhe-
nius temperature dependence of T}, was discussed in Section 5.6 and the same fitting
parameters are applied to dashed fit line in Figure 5.5. Decreasing in temperature
below ~40 K, T}, continues to increase exponentially whereas the T, becomes limited
by a secondary mechanism to ~130 ms. This behaviour does not give a good fit to
the simple analysis based on the sum of two different relaxation rates, one limiting
and one due to T’ (i.e.~ 0.67}), that was used for Si:P, Equation (5.9). This may
reflect more complex relationships in the material due to, for instance, the breakdown
of the T}, Arrhenius temperature dependence below 15 K or different relaxation rates
within the NQCg, high spin system. Nevertheless, at 10 K a T3, of 135 4+ 13 ms is
observed, shown in the inset of Figure 5.5. At this temperature the T5, time is 160 us
and thus the nuclear memory gives almost three orders of magnitude improvement in

the decoherence time. The ‘intrinsic’ 75, for this sample was shown in Section 3.5.4
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to be of the order 400 us and hence under highly optimised conditions this still shows
well over two orders of magnitude improvement. In Si:P the T, limit was improved
by using a dynamic decoupling CP or CPMG sequence, however, using **N@Cg, the
addition of such rf pulses causes substantial signal decay. This is indicative of higher rf
pulse error in this powder system compared to Si:P, also shown by the limited fidelity
improvement using mw BB1 pulses. Overall, both systems show similar improvements
in Ty, though N@Cg, does so without the use of dynamic decoupling. To investigate
the limiting »N@Cg, decoherence mechanism a higher concentration »N@Cg, sample
was produced that showed a T, of 5.8 ms at 10 K, but this had a lower T, and a higher
concentration of impurities. Therefore to investigate this fully a series samples must
be prepared overcoming the problems of uncontrollable 75, times and factors discussed

in Section 3.5.1.

5.3.2 Modelling nuclear decoherence times in an electron spin-

3/2 system

To understand the experimentally observed relationship T5,~ 0.6 T}, we can model the
I"N@Cg electron spin-3/2 system. A similar approach can be adopted to the spin-1/2
system which we have shown to work but clearly the situation will be complicated by

the 8 x 8 matrix and higher spin relaxation operators. The basis used is:

s0=[(24)-(42)-(59)-(39)
(3 (G1)(52) (3D

where S is the electron and I the nuclear spin state. The matrix is initialised according
to a thermal distribution, before producing the required starting state and applying

relaxation via the Lindblad Equation (5.2). The raising and lowering operators for the



114 NUCLEAR DECOHERENCE

spin-3/2 system are given by:

0v30 0 0 0 0 0 00 0 0 0 0 0 0
00 2 0 0 0 0 0 V30 0 0 0 0 0 0
00 0+v30 0 0 0 02 0 0 0 0 0 0
ge_|[0 0000000 | 0 0vV30 0 0 0 0
000 0 0 0+v30 0 000 0 0 0 0 0
00 0 0 0 0 2 0 00 0 0+vV30 0 0
000 0 0 0 0 0 3 00 0 0 0 2 0 0
00 0 0 0 0 0 0 000 0 0 0 0430
5.10)

Transforming the master equation into the rotating frame, using the Ising approxi-
mation and ignoring direct nuclear relaxation the effect of electron relaxation can be
observed. Applying experimental parameters and numerically solving the differential
for each element the result is again given by performing a partial trace. The result is
shown in Figure 5.6 for the initial starting states of both an electron inversion and nu-
clear coherence. Fitting these curves, this model gives the numerical result T5,~ 0.3 T},

which is clearly less than that observed experimentally.
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FIGURE 5.6: Figure showing partial traces of the electron spin-3/2 system under electron
relaxation, starting from an electron inversion (blue) and a nuclear coherence (red). The
parameters used (A = 22 MHz, v = 25 Hz, = 0.02) are representative of ’N@Cgy and
when fitted the curves give T, = 0.3 T,.
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If an experimentally lower ratio was observed this could be explained by an additional
relaxation mechanism but a higher ratio is inconsistent with this model. One could
consider that experimentally a combination of two curves are seen, one given by 0.3 T},
and the other by a stimulated echo dependent on T}, which with the presence of noise
could result in a monoexponential decay curve giving T5,~ 0.6 T1.. However, careful
analysis of the sequence and thorough phase cycling show that this is not the case.
Additionally the labeling of the nuclear phase via a geometric phase, Section 4.3.4,
showed conclusively that the experimentally observed decay is only due to a nuclear
component. We therefore must produce a more complex model to understand the
dynamics of the system. The relaxation rates () can be modelled as varying between
different pairs of levels. In the Lindblad equation v can therefore be represented by both
71, the electron relaxation between the myg levels £3/2 <> £+1/2 and ~,, the relaxation
rate between my levels 1/2 «» —1/2. This can be seen visually in Figure 5.7 and leads
to a series of separate raising and lowering operators. Evaluating this unfortunately

still gave To,~ 0.3 T}, or lower.

my mp
12 +1/2 mg
- +3/2
Vi i
—_— - 12
Y2 Y2
T 12
Y1 vy
Y

FIGURE 5.7: The N@Cg level system shown with different relaxation rates, v, used to
model the system.
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To understand the system in more detail we can look at the analytical solution to the
model’. In the high temperature limit the nuclear spin dephasing rate is simply given
by the relevant density matrix elements as I';, = (33 + 472). The relevant observables
for an electron polarisation measurement are pg ¢ — p7,7, this reduced subspace will give
the same result as a trace over all elements but it is shown in Section 4.1 that only this

inner coherence is measured:

Pe.6 — P17 = 371P55 — (872 +371)pes + (872 + 371)prr — 371pss

and where

P55 — Pg.g = —3V1Ps5,5 T 3V1P6,6 — 3V1P7,7 T 371088

Taking & = pes — pr7, Y = P55 — P8, "1 = 37 and rp = 8y + 371, two coupled

differential equations are found, shown in matrix form as:

x —ro T Pz

= (5.11)
v D —n Py
Solving these the electron polarisation is expressed in terms of two parts:
P(t) = ae™ " 4 Be Mt (5.12)

where o and ( are prefactors which are a function of 77 and 7, and the eigenvalues A

are given by:

Ai = To £/ (371)2 + (472)? (5.13)

A bi-exponential T}, curve might therefore be expected, however the experimental
curves shown in Figure 5.8 show a good fit to monoexponential decay. If the monoex-
ponential decay corresponded to the faster decaying component, A, then a minimum
fundamental limit of T3, ~ 1.77T}. would be assured, fitting the experimental observa-

tion. However, taking the limits v; > 79, 72 > 1 and 1 ~ 7, the signal ratio between

1

La factor 5 in the Lindblad equation has been incorporated into v for simplicity.
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FI1GURE 5.8: T}, from 50-80 K fitted to monoexponential decays. Intensity has been offset
for clarity, with fitted times shown in Figure 5.5.

the faster (A;) and slower component (A_) is 1:4, 1:9 and 1:200, respectively. Therefore,
the monoexponential decay cannot correspond to A, and the slower decaying compo-
nent, A\_, must be dominant. This gives a maximum ratio of A_ =T, ~ 0.3 [, (T3,
~ 0.3T}.), when 3vy; = 49, in accordance with the numerical model. Producing more
sophisticated models to include additional pure dephasing and any zero field splitting

(ZFS) distribution also resulted in the same limit.

To reconcile this ratio with the experimentally obtained 15, ~ 0.6 T}, additional
relaxation processes must be included in the model, for instance, if 3 is given by
ms = £3/2 < mg = F1/2 (see Figure 5.7) then when v, = 73 = 72 a theoretical Th,
of 2/3 T}, can be found (for 90% of the population, the remaining 10% will have an even
larger decay time). The model can be expanded to allow transitions between any elec-
tron spin states by also adding the relaxation between mg levels 3/2 < —3/2 at a rate
of v4. The resulting decay gives a mono-exponential curve if v; = v = v3 = 74, with
a Ty, /T ratio of 4/3. These conditions (equal v rates) are congruent with a process
that randomises the electron spin state, consistent with the Arrhenius 77, mechanisms
described in Section 3.5.5. Therefore, using additional terms a number of scenarios can
be envisaged whereby the experimentally observed ratio will be seen. It would be useful

to ascertain the differences in the relaxation rates experimentally, but unfortunately
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the short outer coherence times (see earlier chapters) and inability to refocus these if
any energy levels shifts occur, make this difficult. Nevertheless, this work opens up
interesting questions with regards to the storage of quantum information in the nuclear
spin states of higher electron spin systems. This could lead to theoretical proposals for
materials that are expected to show much longer decoherence times between particular
levels, similar to a decoherence free subspace. Possible materials could include those
that have high spin impurities contained within a crystal lattice, such as the electron

spin-5/2 Mn?" impurity in a ZnO single crystal.



Nuclear relaxation

6.1 Introduction

We have shown that nuclear spins can be utilised to store quantum information, gov-
erned by T5,, but they could also be used to hold classical information with relaxation
times given by T1,. Understanding this parameter allows us to fully characterise the
system and although spin coherence times are usually limited by electron spin re-
laxation times, if these are improved, nuclear spin-lattice relaxation times may be of
importance. T, has been studied extensively in NMR in the high concentration regime

but few studies exist on Si:P and NQCg, in the low concentration regime, of interest

for QIP. These materials have been probed using cw-EPR [FG59, MVTAOQ7] but using

119
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pulsed techniques 77, can be more quickly and accurately extracted, eliminating exper-
imental time dependence [TMALO6]. This chapter not only shows nuclear relaxation
but also electron relaxation, which is found to be closely linked. It also makes use
of higher frequency measurements and pulsed laser experiments, that can be used to

induce relaxation and initialise the system.

6.2 Nuclear relaxation in Si:P

Nuclear relaxation can be measured using a variation of the Davies ENDOR sequence
that was described in Section 4.2.1, without the additional 7, pulse to ‘tidy’ the
sequence. Having found the nuclear spin transition and optimised a m,; pulse the
nuclear spin relaxation can be observed by varying the shot repetition time of the

sequence and monitoring the electron spin echo. Thus, the sequence will be:

[Tmw = Trf — T/ 2mw — Tmw — echol (6.1)

where 7 is the number of shots with a given shot repetition time (srt). If 77,> srt >T,
then polarisation will build up as the system cannot fully relax before each shot, re-
sulting in no ENDOR signal. However, in the regime Tj,~ srt >T}. increasing the
srt will allow the system to relax according to T},, which can be recorded by ob-

serving the subsequent increase in the ENDOR signal. This can be expressed as:

Ienpor = 1 — exp(—srt/T,).

T, and Tj. data is shown in Figure 6.2 at both X-band (9-10 GHz) and W-band (94
GHz), for isotopically enriched 28Si, ~ 10 and ~ 10'* Pcm™! concentration samples,
respectively. The Ti, temperature dependence at X-band, above 7 K, is dominated by
the Orbach relaxation process, discussed in Section 5.2.1, with relaxation driven by a
two phonon mechanism via an excited state [Cas62, TLARO3]. This is shown pictorially
in Figure 6.1 with an energy gap of 126 K [TLARO3]. At lower temperatures a 1st order

Raman process becomes prominent which has a T7 temperature dependence [FG59)],
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FIGURE 6.1: Pictorial representation of the direct (one phonon), 1st order Raman and
Orbach relaxation mechanisms. Solid lines represent spin transitions and dashed lines lat-
tice transitions. a and b indicate the two electron spin ground state levels between which
relaxation occurs and ¢ an excited state. Adapted from [BBLI1].

again shown in Figure 6.1. Finally at very low temperatures (>5 K) it is known
that a direct one phonon relaxation mechanism becomes significant, which follows a
linear temperature dependance [FG59]. Thus, the T}, data can be fitted to the three

mechanisms described (as shown in Figure 6.2):

1

7 X [CASTAER A | e A (6.2)
le

Unlike T}, T1, has not been investigated in Si:P using pulsed experiments, at these
low donor concentrations. Figure 6.2 shows that T}, follows T}, but is approximately
a factor of 260 times longer and thus nuclear relaxation is similarly dominated by an
Orbach relaxation process. This mechanism is not unusual for nuclear spins and has
been previously observed for: Co%’ nuclear spins in a paramagnetic system with an
excited spin doublet [GS71]; 'Pr nuclei via an excited crystal field level [SMY80]
and 2"Al nuclei through an activated paramagnetic impurity [KYC00]. Similarly many
examples of direct and Raman relaxation for nuclear spins have been shown [CN81,
BP68, YNO2, HN67]. However, the same mechanism for the nuclear and electron

spin does not appear to have been widely shown. The similarity could be considered as
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FIGURE 6.2: T1, (purple, red) and Ti. (blue, green) data at both X-band (9-10 GHz) and
W-band (94 GHz), denoted by ‘x” and ‘w’, respectively. The T7, and W-band 77, data is fit
to Eq. 6.2 shown by the solid lines. The dashed lines show the T}, fit x260. The W-band
data deviates slightly from the fixed ratio at low temperature, fitting better to a reduced
limit for the one phonon term (solid red line, other parameters the same).

arising from the coupling of the nuclear and electron spin system through the hyperfine
interaction. Nuclear relaxation could then occur via a flip-flop process with the electron

spin, given by [Abr61al:

1 2 T,
— =2 A2 = S(S+1 6.3
Tln 3 1 + (u)] — u)s>27'62 ( * >7 ( )

where 7, the electron spin relaxation time. This would be dominated by the large elec-
tron Larmor frequency (wg > wy) resulting in a much slower 7}, than the experimen-
tally observed. Alternatively, a nuclear spin flip could occur without an accompanying
electron spin flop [Abr61b] but the following section on laser relaxation shows that the
processes are not coupled. Therefore, it seems that both electron and nuclear spins are
similarly affected by the same relaxation mechanisms but the origins of the Ti./T1,

ratio are unknown.

To probe these mechanisms, experiments can be performed at a different mw frequency
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FIGURE 6.3: Angular dependence of T, at 5 K and ~94 GHz. The contribution from a
valley repopulation (red, Eq. 6.4) and a one valley (green, Eq. 6.5) mechanisms are shown.
These are combined to give the blue fit to the experimental data.

to ascertain if any frequency dependence is present. Performing experiments at W-
band (~94 GHz) a superconducting magnet up to 6 T is used, with the larger Zeeman
splitting giving an increase in sensitivity (such that samples are typically smaller but
with similar concentration). As the Larmor frequency changes so do the rf resonant
frequencies to approximately 116 MHz and 0.5 MHz. The latter of these is too low
in frequency to be addressed using the commercial equipment available. Working at
W-band introduced a number of difficulties in particular the rf pulse length must be
increased tenfold to avoid heating of the sample and give good ENDOR efficiency. The
relaxation results for W-band measurements are also shown in Figure 6.2. Ti, and
T1, show very similar results < 7 K to those at X-band which is not surprising given
that the Orbach and Raman relaxation processes are not expected to be frequency
dependent. The one phonon process is frequency dependent and was shown to give
a Tie limit at X-band of ~3000 s by Feher and Gere [FG59] (crystal parallel to the
[100] direction). In the high temperature limit, kgT > gupBy, this is expected to
scale as By [Rot60, Has60, FG59] but in the low temperature limit, kgT < gupBo,

a Bj dependence is predicted, shown in the supplementary material by Morello et
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al. [MPZ10]. At 5 K we are in the regime kT ~ gupBy and, with the same crystal
direction as Feher and Gere, show a limit of 1.25 s, which falls between the Bj and B

dependence!.

A range of relaxation times are actually observed, as shown in Figure 6.3, due to the
angular dependence of the one phonon process. This angular dependence was shown
at X-band [WF61] and we find it similarly holds at W-band but has a greater effect at
higher temperatures, due to the earlier onset of the one phonon limit. The dependence
has been shown to arise from two separate contributions: 1) a time dependent valley
repopulation effect resulting in modulation of the g-tensor and 2) the modulation of
the g shift within one valley [Rot60, Has60, WE61]. These mechanisms are used to fit

the angular dependence data in Figure 6.3 and are given by:

1
(valley rep.) o sin® (1 + 3 cos® 6) (6.4)
le

1 1
) (one valley) o cos* § + 5 sin® 6 (6.5)

6.3 Nuclear relaxation in PN@C,

The nuclear spin 77 can be similarly probed using the same sequence outlined for Si:P.
This sequence only works to probe the my; = £3/2 nuclear transitions as it is based on
the Davies ENDOR sequence. Performing the measurements for the range 20-140 K,
as with Si:P, a similar dependence with 7T}, is seen, Figure 6.4. In this range 7T}, was
shown to follow an Arrhenius temperature dependence based on two phonon relaxation
between the ground state and a metal-cage vibration mode, see Section 3.5.5. The data
reveals an approximate T, /77, ratio of 180, a lower value than that of Si:P. Data at
higher temperatures using *N@Cy in liquid solution where T}, is dependent on a cage

vibrational mode showed similar results but with a slightly lower ratio of ~ 120 [Mor].

In addition to the By contribution Morello et al. also predict an effective increase in the By
pre-factor of 4/3 when moving to the low temperature limit.
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The ratio and Arrhenius temperature dependence describes the 77, data accurately in
the range 60-140 K, deviates slightly with respect to the Arrhenius dependence between
25-60 K (due to deviation in T}, values) and appears to break down at < 20 K. This is
consistent with the increasing dominance of an alternative T}, mechanism below this
temperature, but there is insufficient data to ascertain if 7T}, is affected similarly to
preserve the ratio or just deviates from the Arrhenius dependence. It is therefore clear
that the same relaxation mechanisms are affecting both the nuclear and electron spin
state. However, there is no theoretical insight into the exact reasons for the specific

ratios found at the present moment.
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FIGURE 6.4: T} and 11y, over the range 20-140 K, shown on an Arrhenius style plot. The
Ti. data is fitted to an Arrhenius temperature dependence as shown in Section 3.5.5. The
T, data follows the dependence but is approximately a factor 180 times larger, shown with
comparison to the Tj, fit (green) and Tj, directly (red).
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6.4 Laser relaxation in Si:P

In the previous sections we showed long relaxation times that are needed for the faithful
storage of information. However, these cause problems for the initialisation of the sys-
tem, a key requirement for QIP [DiV00]. Probing the Si:P system at low temperatures,
several seconds are required to allow the electron to relax between experimental shots,
to re-thermalise the levels. To produce high purity initial states an excess of popula-
tion is required in a state such that it is hyperpolarised, as discussed in Section 4.4
and Ref [SBR11]. This can be established given a system whereby the electron spin
relaxation time is faster than the nuclear spin relaxation time. However, the initiali-
sation is relatively slow as several Ti. are required. To overcome this, light could be
used to induce fast electronic relaxation, though this would not be effective if nuclear
relaxation was also shown — entirely possible given the coupling of 7 times shown in
the previous sections. Naturally, this section will therefore not only show the effect of

light, but if the electron and nuclear spin relaxation processes are coupled?.

The use of light in Si:P systems has previously been shown to induce faster electronic
relaxation [FG59] and more recently to specifically produce electron and nuclear hy-
perpolarisation [YSS09, MvTMB09]. The manuscript by Feher and Gere showed that
above bandgap (1.1eV) light, can reduce T}, from ~1500 s to 300 s at 1.25 K (7 x 10
P/cm?® in natural silicon) [FG59]. The work by McCamey et al. [MvTMB09] used
broadband white light but focused on nuclear polarisation with relaxation on the order
of ~150 s. Yang et al. [YSS09] in contrast showed both nuclear and electron polarisation
via optical pumping, however, the photoluminescence detection is too slow to record
the relaxation times (stated as <1 s). The mechanisms works by above bandgap light
exciting electrons from the valence to the conduction band, they then interact with
the donor electrons causing them to relax. The effectiveness of the mechanism will

be dependent on the number of conduction electrons produced and the time in which

2This approach can not be used with the NQCgq system as it is known to be very light sensitive,
however, given the similarities in the systems it is probable that the findings for Si:P will be applicable
to N@C60.
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FIGURE 6.5: Tje at 9 K under standard conditions (no laser) with a monoexponential fit to
3.26 £0.38 ms (blue), and with continuous 1060 nm laser illumination (red). The inset shows
relaxation over the initial 500 ps from which a 77, under laser illumination of 56 £ 16 us is
extracted.

these can relax the bound electron spin. A probable mechanism involves spin exchange
during a collision of a conduction and bound electron, with the conduction electron

subsequently undergoing recombination.

We show the direct effect of a 200 mW 1060 nm pulsed laser on the electron and nuclear
spin relaxation times of Si:P. The laser is coupled to the sample via a quartz tube
aligned with the optical window of the EPR cavity. At 9 K the effect of continuous laser
illumination acts to dramatically reduce the electron relaxation time from 3.2640.38 ms
to 56416 us, as shown in Figure 6.5. This would improve the initialisation time (at this
temperature) by more than a factor of 50, if the nuclear spin is not similarly effected.
The nuclear spin can be probed by using a pulsed laser flash of 550 us, which was
found to be more than adequate to produce the rapid relaxation of the electron that

is required.

A set of experiments can then be conducted based on Davies ENDOR to ascertain the

effect of the laser and also serve to illustrate the need to leave the system in the correct
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FIGURE 6.6: Davies ENDOR in the regime T, < T3, <srt with (green) and without
(blue) a laser pulse at the end of the sequence. The long srt means that the laser has no
effect on the Davies ENDOR, spectrum.

configuration to initialise. The latter can be conducted by using a final ‘tidy’ rf pulse
at the end of the sequence, which allows the system to return under 73, relaxation to
a thermal state as shown in Ref [TMALO06]. We will refer to this sequence as ‘tidy
Davies ENDOR’, where the ‘tidy’ pulse occurs sometime between the echo readout
and the end of the experimental shot (but is typically at approximately half the shot
repetition time (srt)) [MLHS08]. The three experimental timescales to conduct Davies
ENDOR and tidy Davies ENDOR both with and without pulsed laser illumination are:
1) Ty < Ty, < stt 2) The < srt < Ty, and 3) srt<< T < Ty

The condition T}, < T}, < srt can be easily met at 9 K given the experimental 77,
data from the previous section. A srt of 2 seconds was found to be sufficient to give a
good Davies ENDOR efficiency as shown in Figure 6.6 with the laser having no effect on
the resonance. As the srt is longer than 77, it negates the need to ‘tidy’ the sequence,
however, moving to the regime 7T}, < srt < 77, this must be taken into consideration.
Figure 6.7 shows both the standard and tidy Davies ENDOR sequences both with and
without a final laser pulse before the end of each shot. The results clearly show that

the ‘tidy’ pulse is required in order to observe Davies ENDOR but that the laser has
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FIGURE 6.7: Davies ENDOR and tidy Davies ENDOR in the regime T3, < srt < T1, with
(green, red) and without (blue, cyan) a laser pulse at the end of the sequence. The use of
the laser with a srt inbetween the electron and nuclear relaxation time shows that the laser
has no effect on nuclear relaxation.

no effect on this result. As ENDOR is not visible without a tidy pulse but with the

laser pulse, it indicates that the laser is not relaxing the nuclear spin.

4

\®)

— laser on
— laser off
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Time (ms)

FIGURE 6.8: Tj. at 5.5 K under standard conditions (no laser, blue) and with a 5.5 ms
laser 1060 nm pulse before each shot (red). A monoexponential fit to the laser relaxation
gives a Tj, = 228 £+ 12us (an initial very fast drop in intensity is also observed).
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To obtain the condition srt< 17, < T, the system can be cooled to 5.5 K. At this
temperature the effect of the laser on Tj. is again assessed in Figure 6.8. It is found
that a longer 5.5 ms laser pulse is required to give a laser induced relaxation time of
228+12us, compared to the standard time of ~2.9 s. Davies ENDOR is then performed

with ‘tidy’ and laser variations, as shown in Figure 6.9.

4

— no tidy, laser
—— tidy, no laser
3F — tidy, laser

— laser, tidy, laser

Intensity (a.u.)

6515  65.16  65.17  65.18  65.19  65.20
Frequency (MHz)

FIGURE 6.9: Davies ENDOR and tidy Davies ENDOR in the regime srt< Th, < 11, with
(green, red) and without (cyan) a laser pulse at the end of the sequence. Both a laser pulse
to induce electron relaxation and a ‘tidy’ pulse to give the effect of nuclear relaxation, are
required to give an observable ENDOR signal.

The results show that without both ‘tidy” and the laser, no ENDOR signal is observed.
This confirms that both the laser is required to relax the electron spin and the ‘tidy’
pulse to relax the nuclear spin state (when the srt is less than both relaxation times).
Using the tidy sequence with the laser (red) both nuclear and electron spin are relaxed
and ENDOR is observed with a visibility Fgnpor ~ 0.5. Using a sequence whereby
the electron is relaxed before a ‘tidy’ and final laser pulse are used, an Fgnpor ~ 1 is
observed (in the figure laser-tidy-laser (pink)). This arises as the laser relaxation acts
to build polarisation in the nuclear manifold that is not at the resonant mw frequency,

to give a standard echo readout (as opposed to the zero usually observed).

In conclusion this section shows that although electron and nuclear spins are similarly
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affected by the same relaxation mechanisms, they are affected individually and not by

coupling of the spin entities.
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Conclusions

The drive to produce a quantum computer has produced many different qubit candi-
dates and architectural schemes. Spin qubits are just one example but seem a natu-
ral extension to computing on the nano-scale, whilst utilising the power of quantum
physics. In recent years this has lead to a plethora of literature in this area and although
progress has been made, for instance single-shot single-spin detection [MPZ10], a func-
tioning device by most estimates is tens of years away. The most successful implementa-
tion of a quantum algorithm to date was performed using nuclear spin qubits [VSBO01]
within an inherently non-scalable NMR approach. Moving to the the electron spin

qubit (and EPR) the issues of scalability can be overcome (see Section 1.3.1) but one
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of the major drawbacks of the electron spin system is the comparably short decoher-
ence times'. In this thesis the electron spin relaxation and decoherence properties are
probed in different molecular systems. Furthermore, a new technique is employed to
transfer quantum information to the nuclear spin qubits, for both molecular and solid

state schemes, with their properties investigated in the low concentration regime.

In Chapter 3 the electron spin decoherence times of several species of metallofullerene
are investigated as a function of temperature and solvent environment. In previous
studies, charge transfer from the metal atom to the fullerene cage was thought to
limit 75, to a few microseconds. However, using d-toluene 75, has been extended to
approximately 50, 60 and 90 us for La@QCgy, Sc@QCgy and Y@Cgs, respectively, with a
limiting low temperature mechanism due to the slow rotation of the toluene solvent
methyl group. Thus, using a d-orthoterphenyl solvent, without a methyl group, a
Ty, of over 200 pus was found for all three metallofullerene species. Crucially, this
puts metallofullerenes in a regime where, given the nanosecond manipulation times,
quantum error correction is possible and they can be considered as a qubit candidate.
Decoherence times > 200 us have been previously observed in liquid solution N@QCg,
samples but we now show this is also possible for powder »N@QCg, samples. Using an
instantaneous diffusion experiment, long selective pulses and d-orthoterphenyl samples
we also extract an ‘intrinsic’ 75, of over 400 us, the longest reported molecular Ts, to
date. Finally, we report Ti, as a function of temperature and find similarly for both
metallofullerenes and " N@Cjg, that relaxation appears to be governed by an Arrhenius

dependence due to a two phonon process resonant with atom-cage vibrational modes.

In Chapter 4 having investigated electron spin properties we turn to utilising the nuclear
spin. The coherent transfer of quantum information between entities has not been
widely illustrated, as shown in Section 1.5. We use an EPR sequence consisting of
resonant mw and rf pulses to coherently move an arbitrary qubit from the electron to
the nuclear spin degree of freedom and back. The sequence is verified by both directly

probing the nuclear spin and by applying a time varying phase shift to the nuclear

Ithough this is offset by faster gate times.
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coherence, that is recovered in the electron spin echo. The sequence is employed in two
very different systems, a solid state Si:P single crystal and a molecular ’NQCyg, powder,
to give a two-way fidelity of around 90% for the states + X, Y, Z and the Identity.
Process tomography has further been performed to obtain the process matrix for the
scheme with a fidelity slightly lower than with the individual states. In the N@Cg,
high spin system the transfer of states was shown for the inner, mg = +1/2 : —1/2
levels, but the outer, mg = £3/2 : +1/2 transitions, have also been investigated. This
has revealed insights, such as the ability to probe the m, £ 3/2 nuclear spin levels
though readout using the inner electron spin transition only. The molecular system
also showed that the transfer can be used to effectively turn on and off inter-qubit

(dipolar) coupling, a key requirement for QIP.

For the coherent transfer to be useful long nuclear T, times are required, which we
probed in Chapter 5. This chapter showed that experimentally T3, in both Si:P and
B N@Cg is fundamentally limited by Ti.. In Si:P a fundamental limit of T5,, = 27}, was
found and this was proved theoretically by modelling the system using both numerical
and analytical approaches. In 1’N@QCg, the high spin system gave an experimental limit
of Ty, ~ 0.6T}., simple modelling of the system suggested the limit 75, ~ 0.377, was
expected, with the discrepancy reconciled by adding additional relaxation pathways
to the model. At lower temperatures additional mechanisms limit 75,, which were
improved in Si:P by dynamically decoupling the nuclear spin state to give a Ty, of
1.75 s at 5.5 K. In 'N@Cgg, a Ty, up to 130 ms is reported, with both systems showing
around three orders of magnitude improvement over the 75, and thus a viable quantum

memory.

In Chapter 6 the nuclear T} is investigated in the low concentration regime that cannot
be probed using NMR. It is found that in both the Si:P and the N@QCjg, system that
T1, is subject to the same relaxation mechanisms as 7},, dominated by a two-phonon
(Orbach) process. In Si:P a constant ratio between T}, and T}, of approximately 260
is found which holds not only at X-band (9-10 GHz) but also at W-band (~94 GHz).
In N@QCg, a ratio of ~180 is found but theory to explain these relationships has yet
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to be produced. Relaxation of Si:P has been also investigated using a pulsed 1060 nm
laser and found to substantially decrease the electron spin relaxation time, useful for
initialisation of the system. It has been further verified that the laser does not effect
the nuclear spin and thus, that the electron and nuclear relaxation mechanisms are not

coupled but are independently effected by the same processes.

In summary the thesis shows new results pertaining to the understanding and improve-
ment of electron spin relaxation times in molecular systems. The coherent transfer
between electron and nuclear spin qubits has been successfully implemented in both
Si:P and »PN@Cg,. Furthermore, Tb, and T}, times have been reported in the low
concentration regime for the first time. These results address some of the fundamental
problems of improving and understanding decoherence in spin qubit systems. I report
significant steps towards the production of a hybrid quantum computer, illustrating

)

crucial conventional computing requirements such as “memory” elements. However,
substantial efforts are still required to produce multiple spin qubit architectures —
molecular systems offer the advantage of a ‘chemists toolkit’, while Si:P architectures
benefit from the ability to integrate with existing technology. Spin qubit schemes such
as NV~ centres (recently showing two qubit coupling) and ion traps also offer consid-

erable merit, but for any of these systems to produce a truly scalable strategy many

‘landmark’ experiments will still need to be accomplished.
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APPENDIX: RAW DATA

Temp SC@C82 La@082 Y@ng
’ d-toluene d-toluene d-toluene d-o-terphenyl

(K) Tle (ms) TQe (ms) Tle (ms) T2e (ms) Tle (ms) Tge (ms) Tle (Il’lS) Tge (ms)

6 - - 04118 29.0 - - - -

5 970000 36.3 - - 1209000 27.0 22997 218.4
10 299000 22.0 6087 23.7 75191 18.0 14095 224.7
15 153000 20.3 2002 17.6 14421 16.3 7760 211.8
16.5 - 18.0 - - - - - -
18 - 16.8 - - - - - -
20 36000 - 973 18.4 4827 16.9 4558 222.7
22 - 16.1 - - - - - -
25 20380 - 686 16.7 2461 14.7 2207 220.8
27 - - - - - - - -
30 9218 - 503 18.9 1189 18.9 1343 192.0
32 - 15.9 - - - - - -
35 4263 - 352 214 850 214 889 159.9
40 3346 19.8 260.6 27.0 556 32.8 595 152.4
45 2032 28.8 213.8 38.0 470 45.3 449 140.5
50 1532 32.4 158.8 40.6 380 60.8 363 135.0
55 815 57.9 133.0 41.7 340 70.4 293 124.8
60 698 59.0 111.0 48.5 243 79.1 240 115.9
65 412 58.6 99.1 43.4 226 84.7 197 95.9
70 366 50.2 88.4 39.7 195 79.0 163 83.2
75 216 50.7 69.4 33.7 151 68.3 134.4 71.9
80 211 42.6 64.6 26.2 116 57.1 103.4 61.2
85 147 37.3 51.9 22.7 97 48.1 89.2 48.6
90 100 23.5 40.1 17.5 83 41.7 71.1 41.8
95 86 17.9 29.7 9.4 73 32.4 61.0 34.4
100 55 11.1 25.1 8.2 57 26.0 55.8 31.3
105 95 8 - - 40.8 11.5 46.3 25.0
110 25 4 - - 49 7.0 41.0 22.2
115 25 2 - - 37 4.8 29.6 16.5
120 - - - - 23 2.8 27.6 13.7
125 - - - - 21.8 2.3 28.5 12.5
130 - - - - 17.4 0.9 25.0 9.1

Table 1: T3, and Ty, times at varying temperatures for Sc@QCgs, La@Cgy and YQCyg, in
deuterated toluene (and deuterated ortho-terphenyl for YQCsg,). Raw data from Fig-
ure 3.3, Figure 3.4 and Figure 3.6.
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