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Abstract

Quantum information processors have been shown theoretically to outperform their
classical counterparts at certain tasks. They comprise two level systems, which can
exist in an arbitrary superposition of states: qubits. A strong candidate qubit is the
molecular nanomagnet (MNM). In this thesis, electron spin resonance is used to explore

the potential of CryM based MNMs as elements of a quantum information processor.

We explore the possibility and effect of replacing H atoms with D or a halogen atom in
a S = 1/2 CryNi ring. Decoherence mechanisms in the resulting compounds are found
to be dominated by structural effects. We conclude that halogenation does not seem to

be a productive strategy for extension of coherence times in Cr7Ni based compounds.

We examine an asymmetric dimer, in which a Cr7Ni ring is linked to a highly coherent
nitrogen atom within a carbon cage. Measurement of phase memory time across a range
of temperatures for the N spin, provides insight into the ring’s spin dynamics. At high
temperature, fluctuations on the ring are so rapid that the N spin appears magnetically
disconnected; as they slow, we see a sharp rise in the decoherence rate of the N spin.
At the lowest temperatures, a recovery of the decoherence rate reflects the onset of the

ring’s coherent ground state.

A group of symmetric Cr7Ni-Cr7Ni dimers is investigated. Through use of double
electron-electron resonance, the strength of the ring-ring dipolar interaction, govern-
ing the two qubit gate time, is estimated for each. It is found that many exhibit the
hierarchy of timescales required for implementation of a two qubit gate: a short single
qubit manipulation time, intermediate two-qubit gate time and long phase coherence

time. A possible scheme for the future implementation of a CNOT gate is presented.

The final study explore rings of spin, S > 1/2. We present the first ever coherent
measurements on a dilute oriented ensemble of the S = 3/2 rings, Cr7Zn, performing
nutations at various powers. In addition, we investigate the anisotropic Mn?* (s = 5/2,
I = 5/2) defect in ZnO. We develop the ‘echo kill’ method for identification of a three
level subsystem whose transition frequencies both fall within the cavity bandwidth. Such
a subsystem is then used to perform indirectly detected nutations between the upper two
levels over a range of applied powers. Finally, a method for initialisation of the subsystem

into a pseudopure state is presented and shown to enhance nutation amplitude.
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Chapter 1

Introduction

Since its initial development during World War 11, the electronic digital computer has
gone from occupying an entire room to a circuit board on the order of square centimetres,
and has revolutionised almost every aspect of our lives. As its components reach ever
shorter length scales, the effects of quantum mechanics are becoming increasingly im-
portant. Many modern devices utilise these to their advantage, however, the algorithms
they perform are still classical. Theoretical proposals have demonstrated the potential
power of quantum algorithms to solve some problems more efficiently and work is now

underway to build instead a quantum computer: the main motivation for this thesis.

1.1 Quantum Information Processing (QIP)

A classical computer is composed of bits: two level systems, which occupy either state,
for example |0) or |1), at a given time. A quantum computer, on the other hand, is
composed of qubits: two level systems, which as well as either state, can occupy a

superposition of the two, giving

[¥) = al0) + B[1), (1.1)

where a and (3 are complex coefficients and |a|? + |32 = 1. Figure 1.1 allows us to

visualise this difference; a bit can access only the poles (|0) or |1)) whereas to a qubit,
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FIGURE 1.1: Visualisation of a two level system of states |0) and |1) on the Bloch
sphere.

the Bloch sphere’s entire surface is opened up. For a given 6 and ¢, the qubit’s state is

then described by

1) = cos(6/2)]0) + ¢“sin(0/2)|1). (1.2)

If we now consider two bits or qubits, the former can occupy any of the four states |00),
|01), |10), |11), whereas the latter can also occupy a superposition of these, such that

the general state is

’¢> = a00‘00> + 0401|01> + a10]10> + 0511|11>. (1.3)

Here, a, are complex coefficients and ) (0,1}2 |az|* = 1. A notable example is one of

the so-called Bell states:

_ [00) + [11)

%) N (1.4)

In this case, collapse of the wavefunction ensures that if we measure the first qubit and
obtain a 0, we will also obtain a 0 from an immediately subsequent measurement of
the second qubit; we say that measurement of their states is correlated or that they

are entangled. This is a uniquely quantum phenomenon, of central importance to many
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proposed quantum algorithms. More generally, an n-qubit system is described by 2™

complex coefficients [1].

The first theoretical model of a quantum computer, utilising these properties, was pro-
posed by Deutsch in 1985 [2]. Subsequently, Shor demonstrated its theoretical ability
to provide efficient (requiring time which scales polynomially with input size) solution
to two problems in particular: that of prime factorisation and the ‘discrete logarithm’
problem [3]. With these classically intractable problems at the core of many widely used
systems of public key encryption, for example RSA, the consequences of a successful
physical implementation of this work, would be huge [4]. Grover has further shown a
quantum computer to search more efficiently through an unsorted data set, something
of increasing importance as we enter the era of ‘big data’ [5]. The quantum computer
would, in addition, be an invaluable tool with which to simulate complex quantum

systems, as envisaged by Feynman in 1982 [6, 7].

1.1.1 Physical Implementation

In order to build successfully a quantum computer, we need a system of well defined

qubits enabling us to satisfy certain key physical requirements [8, 9]:

1. Scalability; a linear increase in system size must not necessitate an exponential

increase in resources.
2. Ability to initialise the system into a known state.

3. Coherence; the system must remain coherent for a time significantly longer than

both the single qubit manipulation time and the two qubit gate time.
4. Existence of a universal set of quantum gates.
5. Capability to perform qubit specific measurements.
Exploration of these has led to the proposal of a wide range of physical architectures,

exhibiting varied combinations of strengths [1, 10]. However, one must often make a

trade-off between different requirements, for example strong coupling to the environment
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offers a pathway for manipulation, but can at the same time increase decoherence. With
the relative importance of each physical requirement dependent upon specific component
function, for example memory in particular requiring a very long coherence time, we
can imagine any functional quantum computer might readily comprise several different

physical implementations of the qubit.

Potential architectures include trapped ions, with which the formation of entangled
states with >99% fidelity is now possible but for which scalability remains challeng-
ing [11]; photons, making use of their orthogonal polarisation states [12-14]; and, al-
though still mainly consisting of theoretical research, certain topological states of matter,
for example, the Majorana fermion [15, 16]. In recent years, particular promise has been
shown by superconducting circuits. These are based on the electrical LC harmonic os-
cillator, with a degree of anharmonicity introduced by a Josephson tunnel junction to
allow transition selective excitation [17]. Modification of both the circuit components
and their configuration provides flexibility and superconducting circuits show coherence
times on the order of 100 us [18]. Their progress is aided by an existing wealth of circuit
fabrication techniques developed by the semiconductor industry. Perhaps the most ob-
vious choice of qubit, and one of the first systems to be investigated, is spin: the subject

of the next section.

1.1.2 Spin as a Qubit

Spin first found use in computers with the discovery of the giant magnetoresistive (GMR)
effect: that the electrical resistance met by current passing through two ferromagnetic
(FM) layers separated by a non magnetic spacer (figure 1.2a), is dependent upon the
relative FM magnetisation direction. This arises due to spin dependent scattering; in
the antiparallel configuration, both up and down spins are scattered, whereas the par-
allel configuration allows the spin component aligned with the layers to pass relatively
unhindered, leading to a lower overall resistance [19]. Antiparallel resistance values up
to 110% higher than their parallel counterparts have been observed at room tempera-
ture [20]. The configuration shown in figure 1.2a is known as a ‘spin valve’ and is used

in read heads to detect small magnetic fields [21]. With one FM layer ‘pinned’ and the
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other field dependent, the relative magnetisation direction and resistance are determined
by the magnetic field, allowing the device to act as a detector. A similar effect is ob-
served with an insulting spacer, in the tunnel magnetoresistance (TMR) configuration
(fig 1.2b) [22]. In this case, the probability of quantum tunnelling depends upon the rel-
ative FM orientation and has led to antiparallel resistances up to 600% higher than their

parallel counterparts at room temperature [23]. Utilisation of the spin degree of freedom

became known as ‘spintronics’ and the field was opened up by these devices [21, 24].

aar

FM /
NM
Pinned FM

AFM
m

Pinned FM
AFM

FIGURE 1.2: Schematics of GMR (a) and TMR (b) devices. Layers are ferromagnetic
(FM), non magnetic (NM), insulating, anti ferromagnetic (AFM) or ferromagnetic and
pinned to the AFM layer (Pinned FM). For a GMR device, two configurations are
possible, with current either parallel (1) or perpendicular (2) to the layers.

Use of spin as a qubit requires utilisation not only of the spin up and down states
but also their coherent superpositions: ‘quantum spintronics’. A number of candidate
spin qubits has been explored, for example quantum dots, for which a universal set of
quantum gates was first proposed in 1998 [25]. These are zero dimensional systems on the
mesoscopic length scale (typically ~10-100 nm), in which electrons can be confined [26].
The confining potential results in a spectrum of allowed energy levels such that they are
often referred to as ‘artificial atoms’ [9, 10]. Quantum dots fall into two main categories:
those grown by the ‘bottom up’ approach of self assembly, such as InGaAs dots on
GaAs (self assembled QDs), and those lithographically defined by electrical gates on the
surface of a semiconductor heterostructure, for example GaAs/AlGaAs, containing a two
dimensional electron gas (lateral QDs). Self assembled QDs are controlled optically and
with both electron and hole spins, have been initialised with >99% fidelity [27-29]. They
provide confinement on length scales shorter than lateral QDs, but are difficult to scale

due to their random positions, resulting from the method of growth [30]. In contrast,
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lateral QDs are controlled via magnetic resonance techniques and are in principle more

scalable. Both types show coherence times on the order of microseconds [26].

Nuclear spin populations, manipulated by nuclear magnetic resonance (NMR), were one
of the first systems to be explored [31]. A static magnetic field is applied in order to
Zeeman split the nuclear energy levels and radio frequency pulses drive transitions be-
tween them. Spins residing on different nuclei or in differing chemical environments,
have different resonant frequencies and are therefore in principle individually address-
able. The plethora of existing NMR techniques made progress rapid and by 1998, NMR
had been successfully used to implement two qubit quantum algorithms [32, 33]. Nu-
clear spins offer the advantage that they have minimal interaction with the environment
and therefore show very long coherence times, often on the order of seconds at room
temperature [33, 34]. However, their low magnetic moments, resulting in level splittings
on the order of 100 MHz with a typical NMR Zeeman field of 10 T, lead to a very small
population excess in the lower energy spin state, such that signals are very weak [35].
This further limits their potential for entanglement [36-38]. Additionally, in order to
address individual qubits, the bandwidth of each pulse must be sufficiently narrow that
it does not excite multiple spins. With a finite width of potential resonant frequencies,
and a maximal length and hence minimal width of applied pulses, a limit on scalability

is encountered [39)].

Eager to overcome the problems associated with NMR, researchers turned instead to
electron spin resonance (ESR), discussed in detail in chapter 2. With the electron’s ap-
proximately 10% times larger magnetic moment, spin population differences in a typical
ESR Zeeman field of 1 T are much greater than in an NMR experiment and can be
manipulated on a timescale approximately 10% times faster. Given their stronger inter-
action with the environment, however, electron spins in general show coherence times

shorter than nuclear spins.

Offering populations of identical qubits and accessible modelling, a strong category of
electron spin qubit candidate is atomic defects. An example, motivated by the poten-
tial for integration into existing silicon-based technologies, is the 3'P donor in silicon.

Silicon’s low spin-orbit coupling and naturally low abundance of nuclear spin carrying
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isotopes, result in long coherence times, reaching 10 s at 1.8 K [40]. Recent advances
have coherently transferred a superposition state from the 3P electron to its nuclear
spin, aiming to take advantage of the nuclear spin’s extended coherence time for storage,
and have entangled the 3'P electron and nuclear spins [36, 41]. A further example is
the Mn(II) defect in ZnO, whose electric field dependent zero field splitting has allowed
it to be addressed not only magnetically, but also electrically [42]. Some defects even
show promise of operation at room temperature, for example the optically addressable
nitrogen-vacancy centre (a missing carbon adjacent to one replaced with a nitrogen
atom), in diamond [43, 44]. An emerging cheaper alternative is the divacancy in silicon

carbide [45, 46].

While the above atomic defects offer nominally identical qubits with long coherence
times, they do not have structural degrees of freedom, therefore, modification is difficult.
In addition, their length scale is such that gating to individual qubits would be extremely
challenging and scalability is brought into question. In 2001, a scheme was proposed
for the implementation of Grover’s search algorithm on a different type of electron spin,
that of a molecular magnet, a highly tuneable mesoscopic spin, to be examined in the

next section [47].

1.2 Molecular Magnetism

It was first thought that magnetism was confined to metallic or ionic solids, involving
d- and f- block electrons. When the first demonstration of electrical conduction through
an organic molecule was made, it was asked whether such molecules might also show
magnetic effects [48, 49]. While most organic radicals, which carry at least one unpaired
electron, are unstable, the nitroxide radical (ONCNO™), with its single unpaired spin
delocalised over all five atoms, is not and it was the nitroxide based molecule shown in
figure 1.3, which, at temperatures below 0.65 K, became the first compound involving

only s- and p- electrons to show ferromagnetism [50].
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H H
0
/
N
N\
0
H H

FicUre 1.3: The first purely organic molecule, para-nitrophenyl nitronyl nitroxide
(NIT,NO2PhL), to show ferromagnetism, evident at temperatures below 0.65 K [50].

It is also possible to combine organic molecules with the d- and f- block elements more
traditionally associated with magnetism, utilising the tunability arising from the chem-
ical synthesis of the former and the magnetic properties of the latter, between which
an exchange interaction is mediated by organic ‘linkers’. A wide range of compounds
has resulted, including many of quasi low dimensionality, in which the exchange inter-
action between magnetic elements is much stronger in one (quasi 1D) or two (quasi 2D)
dimension(s) than the other(s) [51-56]. They are often easier to synthesise than molec-
ular materials with strong interactions in three dimensions due to the low symmetry
and weak intermolecular interactions of the organic building blocks [48]. In some cases,
dimensionality can even be tuned, modifying chemically the organic linkers thereby tun-
ing the exchange interaction [57]. Such quasi low dimensional compounds are highly
useful in testing aspects of the quantum theory of magnetism such as the so-called
Goodenough-Kanamori-Anderson rules, and act as a test bed for examining strongly

correlated physics such as that underlying high T, superconductivity [58-60].

1.2.1 Molecular Nanomagnets

The molecular magnets of most interest to us in QIP are those of zero dimension, known
as molecular nanomagnets (MNMs). MNMs are clusters of exchange coupled metal
ions in an organic framework, on a typical length scale of ~1-4 nm [61]. They often
carry a large effective spin and show a substantial Ising type anisotropy (figure 1.4).
As a result, with thermal activation frozen out, the magnetisation relaxes very slowly
at low temperature. This occurs via quantum tunnelling of the magnetisation (QTM)
through the anisotropy barrier (figure 1.4(a)), making MNMs one of the largest objects

to exhibit this purely quantum mechanical effect [62-64]. As such, they have gained
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FIGURE 1.4: Energy levels for a MNM in magnetic field, By, with Hamiltonian
H = DS? + gupByS, and D < 0. The blue arrow shows the path of quantum tun-
nelling of the magnetisation (QTM) when By = 0. Adapted from [49].

additional interest as probes of the quantum to classical crossover regime. Figure 1.5
shows the Mnjs based core of the first MNM in which QTM was observed. The eight
Mn?* ions of spin s = 2 (red) couple antiferromagnetically to the four Mn** ions (green)
of spin s = 3/2. The type of exchange interaction within each group has been the subject
of debate, however recent work has provided evidence in support of an antiferromagnetic
interaction [67-69]. The molecule has a resulting total ground state spin of S = 10 and

an anisotropy barrier of about 1,500 GHz [65, 66].

FIGURE 1.5: Mn;js core of the compound [Mni5012(02CMe)16(H20)4]. The coloured
balls represent either Mn3* (red), Mn** (green) or O (blue). Adapted from [66].

There has also been synthesised a number of molecular MNMs consisting of a single
magnetic ion in an organic framework, known as ‘single-ion magnets’, which exhibit the
same slow relaxation of magnetisation as the polynuclear clusters [70-72]. Of particular
interest are those based on the lanthanide ion, whose unquenched orbital degree of

freedom leads to a high anisotropy barrier [73].
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1.2.2 Spin Hamiltonians

Even the smallest of MNMs are highly complex to model, comprising large numbers of
both magnetic and non magnetic constituents, often both contributing to the resulting
magnetic properties of the molecule. Some small examples, in which symmetry permits
simplification of the problem, can be modelled via ab initio methods, for example density
functional theory, however in most cases this would require computational power beyond

that available [74].

Simplification is provided by the ‘Spin Hamiltonian Formalism’, a very useful tool, which
allows us to interpret data from MNMs. Within this framework, we consider the sys-
tem’s spin degrees of freedom only, with all other effects, including orbital degrees of
freedom and electrostatic interactions with neighbouring atoms, absorbed into a set of
phenomenological parameters. The model makes a number of assumptions, in partic-
ular that the orbital moment of magnetic constituents is essentially quenched and can
be treated as a perturbation, and while these are often fair, leading to successful data
interpretation, we must bear in mind that this is not always the case [48]. For a system

of N individual electron spins, s;, the resulting Hamiltonian is given by equation 1.5.

N N
H:ZSi'Di'3i+ZSi'Jij'3j+,UJBBO'Zgi'3i (1.5)

i=1 i<j i=1
The first term sums the individual zero field splittings, reflecting the strength and sym-
metry of the crystal field experienced by each spin. The splitting for spin, s; is charac-
terised by the rank two tensor, D;, and by choice of suitable axes can be expressed in
the alternative form D;s2; + E;(s3 ; — 52 ;), where —1/3 < E;/D; < 1/3. In the case of
axial symmetry, E; = 0. D; < 0 then indicates an easy axis ‘Ising type’ anisotropy, such

that m,; states of greater magnitude are energetically preferable and D; > 0 points to

an easy plane anisotropy, such that the converse is true.

The second term accounts for interaction between spins, with J;; a rank two tensor. It
can be broken up conveniently into the sum of three parts: the ‘isotropic exchange’

or ‘Heisenberg’ interaction, ) ._.—J;;s; - s;, which acts to align the two relevant

1<j
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spins either parallel or antiparallel to each other; the ‘anisotropic symmetric’ term,
Yic ;8iDij-sj, with D; diagonal for suitably chosen axes, which states a directional
preference for the axis of alignment in space; and the ‘anisotropic antisymmetric’ or

‘Dzyaloshinskii-Moriya’ interaction, » ,_.d; j-s; X s;, which acts to tip the spins by 90°

1<J
to each other.

The final term represents the electron Zeeman interaction, which gives an energetic
preference to the alignment of the spin magnetic moment with the applied magnetic field,
By. The rank two tensor g;, which is usually symmetric and therefore diagonalisable,
quantifies the strength of this, taking account both of spin-orbit coupling and the spin’s

magnetic environment.

We have neglected here the effect of hyperfine interaction with nuclear spins. For most
MNMs, this manifests itself in ESR spectra in two main ways: the first is a broadening
in energy of the resonant transition, which we term ‘unresolved hyperfine broadening’.
Line splittings are not observable directly due to the strength of the anisotropy being
greater than that of any hyperfine interaction. The second is the effect known as electron

spin echo envelope modulation, which will be introduced in section 2.2.7.

Despite vast simplification of the problem, the spin Hamiltonian is by no means easy
to solve. With (2s; + 1) energy levels per spin, the Hamiltonian spans a Hilbert space
of Hii 1(2s; + 1) dimensions. However, in the ‘strong exchange’ limit (frequently valid
for MNMs), where the isotropic exchange term is dominant, we can simplify it further.
Given that the total spin operator S?, where S = EZ\L 1 8i, commutes with the isotropic
exchange term, we find that, in the first approximation, S is a good quantum num-
ber [75]. This allows us to group eigenstates into ‘exchange multiplets’ of well defined
S, treating all other terms as perturbations, which act within the multiplet. In the
case that exchange is strong, giving a separation of the two lowest energy multiplets of
greater than the splittings within them, we may at low enough temperature assume that
the ground state only is populated. The entire system may now be represented by the

Hamiltonian,

H=DS:+E(S;—5))+usBo-g-8, (1.6)
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in which S is the spin of the ground state multiplet, and we assume levels within it
to be thermally populated. The first two terms represent the axial and rhombic zero
field splittings respectively, and the final term the electron Zeeman interaction. We
have neglected higher order spin anisotropy terms, which are sometimes necessary, for
example to account for mixing with spin states of different S due to the anisotropic
interactions [76]. This is the ‘giant spin approximation’ (GSA), highly applicable for

many MNMs, and will be used frequently throughout this thesis.

1.2.3 Cr;M Antiferromagnetic Rings

The set of compounds upon which this thesis will focus are based on the parent com-
pound, Crg (figure 1.6(a)) [77, 78]. This has a magnetic core consisting of a ring of
eight antiferromagnetically coupled Cr3* ions, each of spin s; = 3/2, such that in the
ground state, within the GSA, the total spin, S = 0 and the compound is diamag-
netic (figure 1.6(b)). Each magnetic ion is octahedrally coordinated, bridged to each
neighbouring ion by one fluoride and two bulky carboxylate ligands, such as the pivalate
((CH3)3CCO; ) or acetate (CH3CO5, ) variants (figure 1.6(a)). These provide both struc-
ture and rigidity to the molecule and mediate the exchange interaction. However, with

a ground state S = 0, the ring does not provide any spin from which to form our qubit.

The solution to this problem is provided by the daughter class of compounds based
instead on the magnetic ring Cr7M, where M is a divalent metal ion (figure 1.6(c, d)).
Synthesised from CrgFgPivig, the ring inherits the parent structure, but with an ad-
ditional central ‘templating cation’ in order to neutralise the ring’s charge of -1 (fig-
ure 1.6(c)) [79, 80]. Exchange coupling within the ring remains antiferromagnetic, lead-
ing to a range of potential ground state spins, governed by the choice of M. Table 1.1

presents a selection of these.

Figure 1.7 shows the zero field energy spectrum of the twelve lowest lying exchange mul-
tiplets for each of the tabulated rings (assuming Cr7Zn to be magnetically equivalent to
Cr7Cd), derived from measurement of magnetic susceptibility as a function of tempera-
ture. We note that there is in all cases a large energy separation between the ground and

first excited states, thereby validating our use of the GSA at sufficiently low temperature
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(a) and (c) show the structures of the MNMs CrgFgAcig and

Cr7NiFgAci16Cs respectively. The coloured balls represent Cs (green), Ni (pink), F
(yellow), O (red), C (black) and Cs (blue). Hydrogen atoms are omitted for clarity. (b)
and (d) show the respective magnetic cores of effective spin S, governed by the isotropic

exchange constants, J;;.

TABLE 1.1: Example ground state spins of a Cr;M ring [81].

Metal, M Electron Spin of M*t  Ground State Spin

of CI“7M
Cd 0 3/2
Zn 0 3/2
Mn 5/2 1
Ni 1 1/2

and applied magnetic field. The spectrum can be verified and refined through use of

inelastic neutron scattering, which probes directly the energy gaps [82, 83]. A beam of

monochromatic neutrons is incident upon the sample and scattered in accordance with

the selection rules AS = 0,+1 and mg = 0,£1. This can be done at either zero or finite

applied static magnetic field. Parameters within the ground and first few excited state

multiplets can be obtained via multi frequency electron spin resonance (the subject of

chapter 2), fitting each multiplet to equation 1.6.
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FIGURE 1.7: The zero field energy spectrum of the twelve lowest lying exchange mul-
tiplets for Cr7Cd (magnetically equivalent to CryZn), CrsMn and CryNi. This was
calculated using a spin Hamiltonian approach, assuming validity of the strong isotropic
exchange limit. Isotropic exchange parameters used were Joy_cq = 0 (since Cd%+
is diamagnetic) and Jor—cr = Jor—mn = Jor—ni = —173.1 GHz as determined from
variable temperature magnetic susceptibility data. Taken from [81, 83].
The chemical structure of Cr7M rings is such that they can also be adapted to form two
ring molecules or ‘dimers’, in which the rings are either chemically linked or ‘threaded’
onto a rigid axle to form a structure known as a rotaxane [84-86]. This type of molecule
and the resulting coupling between the rings will be the subject of chapter 5. It has also
been possible to link chemically a Cr7Ni ring to a different type of spin: a nitrogen atom

contained within a Cgg or ‘bucky ball’ cage (NQCgp). This alternative type of dimer

will be examined in chapter 4.

1.3 Molecular Nanomagnets as Qubits

The use of high spin, high anisotropy MNMs in quantum information processing was
first proposed in 2001, when theoreticians recognised their potential to form dense quan-
tum memories and proposed a scheme within which Grover’s algorithm could be imple-
mented [47, 87]. Instead of scaling the system to comprise multiple two-level qubits, this
utilises the full ladder of mg levels, split by a static magnetic field, By, in the ground
state exchange multiplet of a MNM. Multiple coherent superposition states are formed
within the ladder using coherent microwave pulses of varied frequency, which target
specific ‘rung to rung’ transitions. This is made possible by the molecule’s anisotropy,

which lifts the degeneracy of transition energies for spins S > 1/2 (figure 1.8).
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FIGURE 1.8: Energy levels for a MNM of ground state spin, S = 5/2 and Hamiltonian,

H = DS? + gugByS.. In (a) D = 0 and in (b) D < 0. Allowed magnetic dipole

transitions are marked in red, highlighting the lift in transition energy degeneracy from

(a) to (b).
As discussed in section 1.1.1, a key requirement for any qubit is that it remains coherent
on a timescale much greater than that required to perform both single qubit manipula-
tions and two qubit gates. Despite much excitement about the potential use of MNMs
in QIP, it was not until 2007 that this criterion was shown to be satisfied. ESR exper-
iments revealed that the ground state spins of both CryNi and Cr;Mn do in fact, at
low temperature, have a coherence time greater than the single qubit manipulation time
of approximately 10 ns [88]. The coherence time reached 3.8us at 1.8 K for one CryNi
based compound, in which the highly magnetic H nuclei had been replaced with D, in

order to reduce decoherence. Decoherence mechanisms in CryNi rings will be examined

in detail in chapter 3.

A major advantage of molecular systems in the field of QIP, is the ability we have to adapt
chemically their structure, thereby fine tuning their properties [48]. Within the Cr;M
class of compounds alone, this has allowed us: to understand mechanisms of decoherence
and extend coherence times; to build a group of structurally identical compounds within
which spin is varied; and to form multiple ring ‘superstructures’ with the potential to
act as multi qubit systems [79, 80, 83-86, 88, 89]. Furthermore, given the method of
chemical synthesis used to construct molecular qubits, we obtain with ease a population
of identical units, which was challenging in the field of quantum dots. Their mesoscopic

length scale in addition gives promise for future single molecule manipulation.
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1.4 Outline of Thesis

Throughout this thesis, electron spin resonance (ESR) will be used to explore the poten-
tial use of MNMs in the field of quantum information processing. Chapter 2 will begin
by examining the technique itself, including both the relevant experimental and theo-
retical backgrounds. In chapter 3, the possibility and effect of replacing H atoms with
D or a halogen atom in a Cr7Ni ring will be examined in order to elucidate decoherence
mechanisms. Chapter 4 will examine the fluctuations on a CryNi ring through the tran-
sition to order, by use of a NQCgy probe spin. In chapter 5, measurements of the dipolar
coupling between two Cr7Ni rings in dimers will be presented. Chapter 6 will present
the first coherent measurements on a dilute oriented ensemble of Cr;Zn molecules. It
will then present experimental measurements on a test system: Mn(II):ZnO, extending
experimentation across three energy levels. Chapter 7 will conclude with a summary of
the contributions this thesis makes to the use of single molecule magnets for quantum

information processing.



Chapter 2

Electron Spin Resonance

Electron spin resonance (ESR) is a powerful technique applicable to compounds with an
unpaired electron spin. It is used both to gain structural and dynamic information by
probing the spin’s energy level structure, and to manipulate spins within this structure,
for purposes such as quantum information processing. In this chapter, we will explore
the key principles behind the two main types of ESR experiment: continuous wave (CW)

and pulsed, both of which will be used throughout this thesis.

2.1 Continuous Wave ESR

2.1.1 General Principles

Figure 2.1 shows the major components of a CW ESR experiment. We begin by applying
a static magnetic field, By, in what we will define as the laboratory z-direction. All
experiments in this thesis were carried out at ‘X-band’, such that this field was on the
order 0.5 T and it was supplied by an electromagnet. Its effect is to add the Zeeman

term,
HEZ = ,uBBO +g- S (2.1)

17
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FIGURE 2.1: Schematic showing the major components of a CW ESR experiment.

to the spin Hamiltonian, splitting the energy levels of the electron spin, as discussed in

section 1.2.2. In the case that nuclear spins are present, their energy levels are similarly

split, as will be introduced in chapter 4. Figure 2.2 shows the energy level structure for

a spin, s = 1/2. As a result of this splitting, there is a difference in occupation, n(E;)

of each energy level, E;, proportional to the Boltzmann factor

n(E;) o< exp (—E;/ksT),

(2.2)

where kg is the Boltzmann constant and T the temperature. Consequently, we have net

population of the lower energy level, and a resultant net magnetic moment.

A
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+1/2 %

I AE = gu,B,

-1/2 %

>
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0

FIGURE 2.2: Energy level structure for a spin, s = 1/2, with isotropic g-factor, g, in
magnetic field By. In green is marked a magnetic dipole transition, resonant when the
applied microwave field is of frequency v such that hv = gugBy.
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Now, in order to probe the energy level structure, we apply a second magnetic field, Bi,
perpendicular to By, in the xz-direction, say, oscillating at microwave frequency, v. This

introduces an oscillatory component in the Hamiltonian,

Hy(t) = uBi(t)gase- (2.3)

When the microwave frequency is such that the single photon energy is resonant with

the energy level splitting, for our spin, s = 1/2,

hv = gup By, (2.4)

photons are absorbed and we see a transition from the lower to upper energy level, of

intensity

Jai* o< (n(Eq) — n(E;))| (il Hily) 7, (2.5)

where [1;) and [¢;) are the initial and final states respectively. From this, we expect
transition intensity to be proportional to |B;|?, that’s to say, to the applied microwave
power. In the case that mg remains a good quantum number, the resulting magnetic
dipole transition rules, corresponding to the nominally ‘allowed’ transitions, are given

by

Amg = +1. (2.6)

2.1.2 Microwave Cavity and Q-Factor

In order to apply the required B; field, microwaves are generated by a Gunn diode in
the microwave bridge, passed along a waveguide and entered into a resonant microwave
cavity, essentially a metal ‘box’, in which a standing wave mode is formed (figure 2.3).

The cavity mode has a resonant frequency, vy, and quality (Q-) factor, defined by



Chapter 2. Electron Spin Resonance 20

Q=2 Energy Stored

: 2.7
7TEmergy dissipated per cycle 27)

The sample is placed at a magnetic field antinode in the cavity. The strength of the
coupling of the waveguide to the cavity can be controlled by a small screw known as the
‘iris’, at the entrance to the cavity. When the impedances of the waveguide and cavity
are matched, all energy is transferred to the cavity mode and dissipated internally such
that no microwaves are reflected back. This is known as the ‘critically coupled’ regime
and it is how we begin a CW experiment. When electron spins in the sample undergo a
resonant ESR transition, the cavity Q-factor and impedance are changed. This means
that the coupling is no longer critical, and there is some reflected microwave power. It is

this reflected power that is measured by a detector diode and gives the CW ESR ‘signal’.

Sample Stack Sample Stack

<o —

Microwave Magnetic Field Microwave Electric Field

FIGURE 2.3: Magnetic and electric field distributions in the TE192 mode of a rectan-
gular resonant cavity. The ‘sample stack’ shows where the sample is inserted. Taken
from [90].

2.1.3 Running an Experiment

In an ESR experiment, we want to explore the whole spectrum. We do this by tuning v
and the iris, such that the cavity is on resonance and critically coupled, and sweep the
magnitude of Byg. Now, in many cases, signal to noise can be poor, therefore, in order
to improve it, we apply ‘field modulation’. What this means is that at every nominal
By, the applied field is modulated sinusoidally about that value, usually at a frequency
~ 100 kHz. Figure 2.4 illustrates the effect of field modulation. The resulting signal

oscillates at the modulation frequency with amplitude proportional to the gradient of
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FIGURE 2.4: (a) Gaussian absorption line probed using a modulated By field (green).
The amplitude of the observed signal (red) is proportional to the gradient of the line.
(b) The signal observed with (red) and without (dark blue) field modulation.

the spectrum at the relevant point. This allows effective signal isolation by eliminating
noise components away from the desired frequency, through use of a lock-in amplifier.
The resulting spectrum is the derivative of the measured resonance line. The amplitude
of the modulation is chosen such that it is small enough that it does not ‘smooth’ any
features of the spectrum but large enough that the signal amplitude is sufficient. In a CW
experiment, care must also be taken to apply a power low enough that the populations
are only weakly perturbed. This can be verified by checking one is in the regime where
signal amplitude is linearly dependent upon By [91]. A power too high ‘saturates’ the

signal.

We often want to look at properties of a sample as a function of temperature. Control
of this is achieved through use of a helium flow cryostat. All CW spectra presented in
this thesis were measured using a commercial X-band Bruker EMX spectrometer. This

makes use of a rectangular TE g2 mode resonator, with Q-factor values up to 5000.
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2.2 Pulsed ESR

2.2.1 General Principles

In a pulsed experiment, we begin again by applying a static magnetic field, By, in
the laboratory z-direction. This Zeeman splits the electron energy levels and gives net
occupation of the lowest energy state such that we have a net magnetic moment, Mj.
It is this net moment, the macroscopic property resulting from an ensemble of spins,
that we manipulate in a pulsed experiment. In a classical picture, for the model s = 1/2
system introduced in section 2.1.1, the magnetisation vector, M precesses about the

applied By such that

dM —gUB

and the angular frequency of precession, known as the ‘Larmor frequency’, is given by

BB
wy = guh 0

. (2.9)

Viewed in a frame rotating about z at wy,, which we will refer to as ‘the rotating frame’,

M is constant.

We then apply a second magnetic field, By, perpendicular to By. As discussed in sec-
tion 2.1.1, if resonant with the transition and allowed by the magnetic dipole selection
rules, this will induce a net transition from the lower to upper energy level. In a pulsed
experiment, however, the B field applied is of much higher power than its CW coun-
terpart. This is achieved by the addition of a high power amplifier to the set up shown

in figure 2.1.

In the lab frame, the linearly polarised B; field experienced at the sample’s resonant
cavity antinode, can be viewed as the superposition of two circularly polarised waves
of angular frequency 27 and opposite senses of rotation. When resonant, v = wy, /2,

such that in the rotating frame there is a component at 2wy, which we ignore and a
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stationary component, of magnitude Bj, in the z-y plane, along an an axis dependent

upon its phase. For By in the z-direction, M precesses about this, towards the —y axis.

In general we apply B as a pulse of duration 7},. This ‘tips’ our state towards —y by

angle,

§=wrTp = gupBiT). (2.10)

A ‘¢ = w/2 pulse tips M such that it is aligned with the —y axis and a { = 7 pulse
inverts it. We note that £ can be increased by increasing the microwave power, thereby
increasing B?, or by applying a longer pulse. In general, for By along z, the resulting

components of M in the rotating frame are

M, = 0

M, = —Mpsin§

M, = DMjcosé. (2.11)
For B; in the y-direction, these become

M, = DMjysin€

M, = 0

M, = Mjcosé. (2.12)

In the lab frame, immediately after removal of Bj, equation 2.11 becomes
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M, = Mjysin¢ sin (wrt)
M, = —Mjpsin cos (wrt)
M

= M cosé. (2.13)

The oscillating components M, and M, radiate back into the cavity, to which they
are weakly coupled, and are measured simultaneously using a ‘quadrature detection’
scheme. Two reference signals, 90° out of phase with each other, are mixed with the
signal in order to measure the two orthogonal components. These are often referred to
as the ‘real’ and ‘imaginary’ signals, as the in plane magnetisation can be conveniently
represented as an imaginary number, with real and imaginary parts corresponding to

—M, and M, respectively.

2.2.2 Relaxation

Upon removal of Bj, the signal decays via two mechanisms. On timescale 17, the z

magnetisation is restored and we return to thermal equilibrium:

dM,  —(M.— M)
dt T,

(2.14)

This is ‘spin-lattice’ relaxation as energy is transferred to the lattice, for example via

excitation of phonon modes.

The second class of signal decay, as characterised by 7% and 7%, results from the loss of
phase coherence, and does not involve a transfer of energy. Both environmental variation
and inhomogeneity in By mean wy, is not constant across the population but rather forms
a distribution of finite width. After a /2 pulse, we see our spins ‘fan out’ in the rotating
frame (figure 2.5(a)(3)). There is a corresponding decay in signal, known as the ‘free
induction decay’ (FID), which occurs on timescale 7. We can also consider the T

time. This is the time taken for spins to lose coherence as a result of fluctuations in B,,
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rather than static inhomogeneity. If fluctuations occur on a timescale rapid with the
respect to that over which we are observing, their effect will be averaged out. However,
if they occur at a lower frequency, they will cause a change in the precessional rate of
the affected spin, such that it acquires some additional phase, or rather its phase is
scattered. Ty characterises the rate at which decoherence due to such fluctuations takes
place. In order to measure 75, we form what is known as a ‘echo’: the subject of the

next section.

2.2.3 Hahn Echo

Figure 2.5(a) illustrates the simplest ‘Hahn echo’ sequence, with pulses applied in the
x-direction. A 7/2-pulse is applied to ‘tip’ M to lie along the —y-axis. When this is
removed, the spins ‘fan out’ about the —y-axis due to the distribution of wy, values. After
time 7, a m-pulse is applied, to invert the component along y. This means that spins of
resonant frequency closer to wy, now lie closer to the y-axis and more off resonance spins
further from it. The result is that at time 7 after the m-pulse they come back together
along y and the magnetisation is refocussed. It is this refocussed magnetisation that
is known as the ‘echo’ and it can be thought of as two FIDs back-to-back. We record
its integrated intensity, known as the electron spin echo intensity (ESE). Similar to a
CW experiment, it is common to sweep the magnitude of By, this time measuring the
integrated echo intensity for a chosen value of 7, at each point. The resulting spectrum

is known as an echo detected field sweep (EFS).

Given that a Hahn echo refocusses time-independent contributions to decoherence in the
FID, we can use it to measure T5. This is done by incrementing 7 as shown in 2.5(a).
The resulting curve is often a simple exponential decay although different decoherence
processes, as will be discussed in chapter 3, can affect its shape as well as the rate of
decay. In the field of quantum information processing and in this thesis, T5 is often

referred to as the ‘phase memory time’, Ty,.

A related experiment, used to measure 77, is known as the ‘inversion recovery’ sequence.
In this case, the sequence ‘m—T —7/2—7" is applied, with the value of T" incremented. By

inverting M and waiting for time 7', before using a Hahn echo sequence to measure the
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FIGURE 2.5: A Ty pulse sequence. (a) shows field orientations and evolution of our

spins on the Bloch sphere. (b) shows the pulses applied and spectrum obtained.
remaining component of M in the z-direction, we track the recovery of the equilibrium
value. The resulting curve usually takes the form a(1 — bexp(—1'/11)), where a and b
are constants, although, as was the case with the T, curve, certain relaxation processes

can distort this.

2.2.4 Phase Cycling

Often, when we integrate the echo, we include not only the signal we want to observe,

but also unwanted contributions such as, for example, some component of ringing which
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has not yet fully decayed or coherence resulting from a pathway alternative to that which
we intended. In order to minimise such effects we employ ‘phase cycling’. This involves
application of pulses in different channels and subsequent addition or subtraction of the

resulting integrated intensity.

In this thesis, we will employ two phase cycle routines, the first is a two-step phase cycle,
as applied to a Hahn echo sequence, summarised by table 2.1. The phase of the first
pulse is inverted, which inverts the phase of the resulting echo. The integrated intensity
from step 2 is then subtracted from that from step 1 to give the final value.

TABLE 2.1: Phase routine for a two-step phase cycle.

Pulse H w/2 m echo
Stepl || +=z +x +y
Step2 || —x 4z —y

Table 2.2 shows an example four-step scheme, used in a nutation experiment, which will
be introduced in chapter 6. In this case the final intensity is calculated from (step 1 +
step 2) — (step 3 + step 4).

TABLE 2.2: Phase routine for a four-step phase cycle.

Pulse H & w2 m echo

Stepl || +z 4z 4z +y
Step2 || —z 4z 4z +y
Step3 || +z —x 4z —y
Stepd || —z —xz +zx —y

2.2.5 Experimental Setup and Cavity

The experimental setup used for a pulsed ESR experiment is very similar to that used
for a CW experiment. All pulsed experiments in this thesis were performed at X-band
such that an electromagnet was sufficient to provide the required By. The microwave
system is the same as in the CW case, with the addition of a high power amplifier and
quadrature detection channel, as was discussed in section 2.2.1. In contrast to the CW
case, however, we ‘over’ rather than critically couple the cavity. What this means is that
the total Q-factor of the system is lower (typically ~ 250) and more energy is reflected

(equation 2.15). Immediately following a pulse, the power in the cavity is so high that it
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would damage the detector diode if a measurement were made. This results in a certain
amount of ‘dead time’. A reduced Q-factor means the applied power is dissipated more
rapidly such that measurement dead time is minimised. An alternative way to express

the Q-factor is

Q=-—. (2.15)

Here v is the central frequency of the resonant mode and Av the mode bandwidth.
Figure 2.6 illustrates this. A lower Q-factor leads to a greater available bandwidth,

which we will see in chapters 5 and 6 is very useful for multifrequency experiments.

|

Reflected

Microwave v
Power v —> res

Av

FIGURE 2.6: Reflected microwave power from a resonant cavity with central resonant
frequency, tyes. Taken from [90].

All pulsed experiments in this thesis were performed using a commercial Bruker ELEX680
spectrometer, with either a rectangular TEjgpo (figure 2.3) or split ring resonator. Tem-
peratures down to T' = 2.5 K were achieved by use of a flow cryostat. Field modulation
is not used in pulsed ESR, however, signal to noise is improved by repeating each ap-
plication of a pulse sequence multiple times. The time between the start of each ‘shot’
is known as the ‘shot repetition time’ and care must be taken to choose a time long
enough that the system returns to thermal equilibrium before the next ‘shot’ is begun.

This an issue encountered in chapter 4.

2.2.6 Pulse Lengths

When we apply a By pulse of rectangular profile in time, oscillating at frequency v, it
introduces a finite bandwidth of frequencies in the cavity. This is illustrated by figure 2.7,

which shows the Fourier transform for a pulse applied at frequency vg for time 7,,. We
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see the width of the resulting frequency spectrum is proportional to 1/T}, such that
a longer pulse gives a narrower distribution of frequencies. If we want only to excite
transitions within a particular range of frequencies, we therefore have to choose very
carefully the pulse length. This will be particularly important when choosing molecules
of a given orientation in chapter 5.

T
A >
B,

e
\V/\/\\/ " \/\/\/ V,

FIGURE 2.7: Ideal profile of a pulse applied with frequency vy for duration 7}, and its
Fourier transform.

2.2.7 ESEEM

Electron spin echo envelope modulation is an effect that occurs as a result of the electron
spin coupling to nearby nuclei. In order to account for this we include an additional

contribution to equation 1.6,

Hyue = pngnBo - I+ S - A -1, (2.16)

where un is the nuclear magneton, gy the isotropic nuclear g-factor, I the nuclear
spin and A the hyperfine coupling tensor, with components directly analogous to those
discussed regarding the exchange coupling tensor, J;j, in section 1.2.2. The result is

that the precessional frequency of the electron is dependent upon the nuclear state.

When we apply a pulse of finite bandwidth, in some cases, it will contain not only
the resonant frequency required to flip an electron but also that required to flip both
an electron and a nucleus, and in some cases the nucleus will be flipped. The effect
of this is that electrons coupled to nuclei which have been flipped, will precess at a

slightly different rate to those which are not. In a 75 experiment, as we increment T,
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this results in the oscillation of our decaying signal, as the component now slightly off
resonance, comes in and out of phase with those electrons whose surrounding nuclei

remained unchanged.

The effect can be used as a tool to gain quantitative insight into nuclear couplings [92].
In this case, a complete description of the effect is required, which predicts oscillating
components at multiple frequencies. However, this is beyond the scope of this thesis,
in which the effect will appear only as an annoyance, which we will aim to remove. In
cases where the energy required for a nuclear transition is large (for example for hydrogen
nuclei), this can be done by increasing the pulse lengths, to reduce the bandwidth such
that the transition involving a nuclear flip now falls outside of it. In the case of deuterium
this was found to be ineffective due to its low magnetic moment. In previous work on
related compounds, the ESEEM was found to include at most two frequency components,
governed by the strength of nuclear Zeeman interaction [93]. We therefore accounted

for deuterium ESEEM by including such oscillatory terms in the 75 fit (chapter 3).

2.2.8 Frequency Bands

In this thesis measurements are carried out in the most common frequency region, ‘X-
band’ only, however, one can carry out both CW and pulsed ESR experiments over a
much wider range of frequencies. The bands in typical use are listed in table 2.3. As one
moves to higher frequency, resolution is enhanced due to a given separation in g-factor
corresponding to a greater field separation. In addition, the corresponding increase in
By enhances sensitivity by increasing energy level separation and therefore the excess
population in the lower energy state. However, the increase in applied field strength
for W and D band experiments requires a superconducting magnet, cooled with helium,

rather than the resistive magnet that is sufficient at X-band.

2.2.9 Sample Preparation

The majority of samples measured in this thesis are molecules dissolved in organic sol-

vent. The solution is made up in a glass vial and transferred to a cylindrical quartz ESR
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TABLE 2.3: Bands of ESR experiment with typical operating frequencies and corre-
sponding By values for g = 2.0.

Band Frequency (GHz) By (T)

S 3 0.11
X 10 0.36
Q 35 1.25
W 95 3.40
D 130 4.65

tube of diameter 3-4 mm. All stages of this process are carried out under argon to min-
imise the addition of any moisture from the air, which can affect sample stability. Once
in the glass tube, the sample is usually subjected to three or four ‘freeze-pump-thaw’
cycles. The purpose of these is to remove dissolved oxygen, which is paramagnetic and
can reduce relaxation times [94]. The sample is connected to a vacuum line and, in one
cycle, is frozen, pumped to remove air in the tube, sealed off again and thawed to release
dissolved gasses. When the process is complete, the top of the tube is flame sealed, such

that it is air tight.

The concentration in most samples is chosen to avoid ‘instantaneous diffusion’, which
occurs when it is too high. In a frozen solution of spins with the same nominal resonant
frequency, say A spins, they interact with each other via a magnetic dipole interaction.
When a pulse is applied and A spins are tipped, this causes a change in the resonant
frequency of other A spins, due to the dipolar interaction between them. If the concen-
tration is too high (the strength of the magnetic dipole interaction scales as the inverse
cube of their separation), this change in resonant frequency interferes with the refo-
cussing process. In a Ty, experiment, this provides an additional dephasing component

and causes an apparent reduction in T}, [95].

2.2.10 Density Matrices

While a classical vector picture of ESR is perhaps the most intuitive in the case that we
have one spin and two energy levels, in some situations, for example when the electron

is coupled to a nuclear spin, we require a more sophisticated formalism. This is provided
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by the density matrix description, which, unlike either the classical or state vector

descriptions, allows us to describe both pure and mixed states [96].

Considering firstly the pure state

W(ﬂ) = ch(t)’un>; (2.17)

where u,, is an orthonormal set of basis states and Y |, (t)|? = 1, we can calculate

(up|tp(£)) (W (8)un) = i (t)ep(D), (2.18)

where |c,,(t)|? represents the probability of occupation of basis state |u,) and ¢ (¢)c,(t)
for n # p represents the coherence between states |u,) and |up). These form the elements
of our ‘density matrix’. For example, if we have an electron and a nuclear spin described

by the basis

[9(#)) = coo(£)[00) + 10()[10) + co1(£)[01) + e1n(4)[11), (2.19)

where 0 corresponds to spin down, 1 to spin up and the first and second numbers to the

electron and nucleus respectively, the resulting density matrix is given by

lcoo(®)]? cto(t)cor(t) cho(t)ern(t)  cgo(t)ern(t)
o(t) = Go)coo(t) e Go®)cor(t) cot)ern(t) . (2.20)
i1 (t)coo(t) ey (t)ero(t)  leon(®) ey (t)ern(t)

¢ty (t)coo(t) ¢ (t)ero(t) i (Bcor(t)  len(t)?

Its time evolution is described by the Liouwville-von Neumann equation,

W i), (1) (2.21)

where H(t) is the time dependent Hamiltonian.
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In the case that we have a mixture of pure states, ¢ represented by individual density

matrices, p;, we may define the density matrix as the normalised sum over p;:

plt) = >_pipilh), (2.22)

where p; is the probability of occupation of pure state 7. For a pure state the trace,
Trp?(t) = 1 and for a mixed state Trp?(t) < 1 [92]. In both cases the expectation value

of an observable A, is given by

(A) = Tr{Ap}. (2.23)






Chapter 3

Halogenation of Cr7Ni Rings

3.1 Introduction

An essential property of a qubit is a coherence time significantly longer than that required
to perform single qubit manipulations and two qubit gates (section 1.1.1). In 2007, it was
shown that the ground state spins of certain Cr7M based rings did in fact, at low enough
temperature, satisfy this requirement, showing coherence times up to 3.8 us at 1.8 K,
which is several orders of magnitude longer than the approximate time of 10 ns required
to manipulate a single qubit using pulsed ESR [88]. In addition to verifying the feasibility
of MNMs as qubits, the study compared T; and 75 times for structurally similar CryNi
(S =1/2) and CryMn (S = 1) rings, across a range of temperatures, in order to identify
sources of relaxation and decoherence. It was found that 77 was dependent upon the
zero-field splitting parameters, which, for S > 1/2, can be modulated as a result of
coupling to excited modes of mechanical deformation. In contrast, T appeared to be
dominated by coupling to the surrounding network of 'H nuclear magnetic moments.
It was by replacing these instead with 2H (D) nuclei, which have an approximately
six times smaller gyromagnetic ratio (table 3.1), that the coherence time of 3.8 us at
1.8 K for a CryNi based ring, was reached, more than six times longer than that for its

hydrogenated analogue.

35
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TABLE 3.1: Nuclear spin, relative magnetic moment and relative gyromagnetic ratio
for relevant nuclei.

Element Nuclear Spin Magnetic Moment Gyromagnetic Ratio,

Relative to 'H Relative to 'H
H 1/2 1 1
’H (D) 1 0.307 0.154
YR 1/2 0.941 0.941
3501 3/2 0.294 0.098
371 3/2 0.245 0.082

Motivated by the enhancement in coherence time that this chemical modification de-
livered, a further, more substantial study was carried out, attempting to identify more
precisely the mechanisms of decoherence in a CryNi based MNM [89]. By systematically
modifying the carboxylate bridging ligand and the central templating cation (red and
blue respectively, in figure 3.1 (a)), and recording T5 over a range of temperatures, the
study provided significant new insight. It was found that decoherence was affected by
both the magnetic and inertial properties of surrounding nuclei, including those in the
carboxylate bringing ligand, those in the central templating cation and those in the
solvent. Methyl groups were proven to be particularly effective at driving decoherence
due to their potential to show significant librational motion and quantum tunnelling ro-
tations (section 3.2), even at liquid helium temperatures [97, 98]. An optimal coherence
time of 15.3 us at 1.5 K was achieved for a Cr7Ni ring with a perdeuterated pivalate
carboxylate ((CH3)3CCOoH) bridging ligand, templated around a single Cs™ ion, in

deuterated solvent.

The work presented in this chapter follows on from this, aiming to determine the effects
on phase memory time of substituting H atoms not only for D but also for halogen
atoms. This is motivated by the chemically similar, but physically distinct, properties
of these atoms (table 3.1). Fluorine has magnetic properties very similar to H but its
mass is 19 times greater, allowing us to examine motional effects. In addition, the
chlorine atom has a much smaller magnetic moment than hydrogen and is relatively
bulky so could, for example, replace an entire methyl group, allowing construction of

bulky ligands containing fewer magnetic nuclei [99].

The chapter begins with an overview of possible decoherence mechanisms, moving on
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FiIGurRE 3.1: Structures of the CryNi molecules. (a) Crystal structure of

Cs[Cr7NiFgAcyg]. The colored balls represent either different atom types: Cr (light
green), Ni (dark green), F (yellow), or different interchangeable substituents: central
templating cation (blue), carboxylate bridging ligand (red). Hydrogen atoms have been
omitted for clarity. (b) Appropriately color coded chemical structures of some possible
variants with abbreviated names.

to present the compounds synthesised. The magnetic susceptibility as a function of
temperature, as measured by a superconducting quantum interference device (SQUID),
is presented for select compounds. This is followed by pulsed ESR data, including
T as a function of temperature, with accompanying analysis and interpretation. All
samples were synthesised by Dr Grigore Timco at the University of Manchester. Sample
preparation was carried out by myself. SQUID measurements were carried out by myself
with help from Dr Junjie Liu. ESR data were collected by myself and Dr Amy Webber.
All data analysis is my own. The chapter is based on work already published, where full

synthetic details and crystallographic information for the compounds can be found [100].

3.2 Decoherence Mechanisms

Phase decoherence that is not refocussed in a spin echo experiment is caused by mag-
netic field fluctuations at the site of the excited electron spin. In the rigid limit, we
expect these to be dominated by nuclear spin flip-flop processes. Although conserving
net magnetisation, such flip-flops cause local magnetic field fluctuations at the site of the

electron spin, transmitted via a magnetic dipole interaction. The flip-flop rate of any
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(2) (b) (©

FIGURE 3.2: (a) Toluene (C7;Hg) molecule, with the red arrow marking the axis about
which methyl rotation may occur. (b) View down the rotation axis, with the red arrows
illustrating librational motion (back and forth rotations of very small amplitude) of the
methyl group. (c) View down the rotation axis, with the red arrows marking a quantum
tunnelling rotation of the methyl group. The coloured balls represent C (black) or H

(pink).
individual nucleus is low (typically ~ 10kHz), but the efficiency of the decoherence pro-
cess can be enhanced by a large bath of available spins, for example, in the solvent [99].

We refer to this as nuclear spin diffusion.

Moving away from the rigid limit, we must also consider motional effects, both as a di-
rect cause of magnetic field fluctuations and something which affects the rate of nuclear
spin flip-flops. At the temperatures investigated, we expect bond vibration to be frozen
out. However, rotations and librations are still possible, particularly of light atoms, as
illustrated by figure 3.2 for a methyl (CHgs) group. At such temperatures, the quantisa-
tion of motion becomes relevant, making it difficult to predict the dephasing effect that
any given group will have [101]. For example, in the case that we have approximately
harmonic librational modes, we find that, in the limit of small displacement, the eigen-
frequency of oscillation, v ~ \/m , and the mean square displacement, A62 ~ 1 / VVI,
where I is the moment of inertia and V the height of the potential [102]. As mass
is increased, quantum tunnelling rotations are suppressed, however, I increases, giving
rise to more accessible librational modes [89]. Decoherence resulting from motion will

be termed spectral diffusion.

The processes discussed affect not only the decoherence time, T, but also the shape of

the echo decay curve. We fit our curves to the ‘stretched exponential’ form:

Y (27) = Y (0)exp (—(27/Ti)") + c, (3.1)
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where 7 is the time delay between pulses, Y'(0) is the extrapolated echo intensity at 7 = 0
and ¢ accounts for a small linear baseline offset of instrumental origin. T}, and z are
phenomenological parameters known as the phase memory time and stretch parameter,
respectively. Their values depend on both the dominant mechanism of decoherence and
its rate. We find that nuclear spin diffusion processes increase the stretch parameter,
giving rise theoretically to a value of 2 < x < 3, depending on the exact model [99, 103,
104]. In contrast, spectral diffusion processes are found to lower the stretch parameter,

which can reach 0.5 if the motional correlation time is on the order of the pulse delay [99].

3.3 Synthesis of Compounds

All compounds investigated were based on the heterometallic Cr7Ni rings, of ground state
spin S = 1/2, discussed in section 1.2.3. The effects of several classes of modification
were explored: substituting the pivalate in the bridging ligand with a group in which we
replace H with D, F or CI; templating around different cations; and solvent deuteration.
Figure 3.1 shows the structures that we were motivated to study by the possibility of

modifying the phase memory time and stretch parameter of the CryNi spin.

Cr7Ni rings assemble readily around a wide range of cations [89]. In the present investi-
gation, we chose to study rings templated around either a caesium cation (Cs™), which
was earlier found to support long phase coherence times, or around a large di-propyl am-
monium (PrgNH;) cation, as an alternative synthetic target. These cations are shown
in blue in figure 3.1(b). We identified acetates (Ac), and benzoates (Ben), shown in red
in figure 3.1(b), as carboxylate ligands in which hydrogens may readily be exchanged

for halogens.

It was found that not all combinations of cations and ligands in figure 3.1 formed sta-
ble compounds. It was possible to synthesise fully Cl-substituted Ac rings around the
PrgNH; template, but this was not stable in solution, so we were unable to study pulsed
ESR in this structure. The analogous Cs™ structure is expected to be even less stable
and no attempt was made to synthesise it. Hydrogenated-, deuterated-, and fluorinated-

Ben (h-Ben, d-Ben, f-Ben respectively) ligand structures formed successfully around the
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PryNH; cation. While it was possible to synthesise the chlorinated-Ben (cl-Ben), it was
not soluble in the solvents used for pulsed ESR measurements. It was possible to syn-
thesise h-Ben and d-Ben rings around Cs*, but the synthesis of f-Ben generated many

by-products, and a sample of the pure fully-substituted ring was not obtained.

3.4 SQUID Measurements

Given that fluorine is much more electronegative than hydrogen (3.98 on the Pauling
scale, compared with 2.20 for hydrogen), we considered the possibility that fluorine sub-
stitution might distort the structure sufficiently to modify the exchange couplings within
the CryNi ring. In order to check this, we measured the d.c. magnetic susceptibility of

the sample, xm,, defined by

M = xmH (3.2)

where H is the applied static magnetic field intensity and M the resulting equilibrium
magnetisation of the sample, as a function of temperature, T. At a given T and H,
M is determined by the equilibrium occupation of the MNM’s spin levels. Therefore,
as T decreases, xm(7T') reflects the rate at which spins move from upper to lower spin
multiplets. In the strong exchange limit, for a given set of magnetic ring constituents,
this is largely controlled by J; ;, the strength of the isotropic exchange couplings between
them and features in x,(7) can be identified with magnetic excitations in the ring.
By fitting to a Hamiltonian accounting for all dominant spin multiplets, this permits

extraction of the magnitudes of J; ; [83, 105].

Xm(T') data were obtained using a standard Quantum Design MPMS 7 T SQUID. This
utilises a superconducting loop with two parallel Josephson junctions, measuring the
phase difference between the currents passing through each one [106]. With the measured
phase difference dependent upon the magnetic flux in the ring, we are able to make very
accurate readings of the change in magnetic flux resulting from the magnetisation of the

sample. Measurements were taken on powder samples of the h-Ben, d-Ben and f-Ben
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compounds templated around the PerHéIr cation, across the temperature range 1.8 to

300 K, with an applied magnetic field of strength 0.1 T.

Figure 3.3 shows the x,(7') data obtained, which are in agreement with previously
reported values for CryNi [107]. We see that the magnetic susceptibilities of all three
compounds are almost identical, with turning points, indicative of exchange coupling
strength, occurring at the same temperatures. From this, we conclude that there is
little variation in the strength of the isotropic exchange interactions within the metal

ring for the compounds studied here, and that the F atoms in the ligand do not affect

this.
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FI1GURE 3.3: Magnetic susceptibility, x, as a function of temperature, 1" for compounds
templated around a P1r2NH2+ cation, measured with an applied magnetic field of 0.1 T.

3.5 ESR Measurements

Phase memory times of all fully substituted, stable compounds were measured using
X-band (~ 9.5 GHz) pulsed ESR spectroscopy over the temperature range 3 to 5 K,
applying the standard Hahn echo sequence, ‘m/2 — 7 — m — 7 — echo’, with a two-step

phase cycle, as discussed in section 2.2.3.

The compounds were dissolved in dry hydrogenated or deuterated toluene (h-tol, d-
tol respectively), the structure of which is shown in figure 3.2, and diluted such that

intermolecular dipolar interactions could be neglected (< 10~*M). This was verified by
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measuring 75 as a function of pulse length, as discussed in section 2.2.9, in order to
check that there was no instantaneous diffusion. Dissolved oxygen was removed via the
‘freeze-pump-thaw’ method described in section 2.2.9 and all samples were subsequently
flame sealed in quartz tubes of diameter 3-4 mm. Samples were flash-frozen before being
inserted into the spectrometer in order to ensure that the solvent formed a glass, and

therefore that our MNMs were evenly distributed.

036 037 038 039 040
B, (T)

FicUure 3.4: CW and EFS spectra for the Cr7Ni ring with an h-Ben ligand, tem-
plated around an ammonium cation, in d-tol. (Green) CW signal intensity in arbi-
trary units against applied magnetic field, By (T), for an applied microwave frequency,
v = 9.449 GHz. (Blue) EFS integrated echo intensity in arbitrary units against By (T),
for an applied frequency of v = 9.454 GHz and 7w-pulse length of 128 ns. The red arrow
marks the field position selected from the EFS for use in subsequent 75 measurements.

For each sample, both CW and echo detected field sweep (EFS) spectra were recorded
at T'= 5 K. These were, in the first instance, used to ensure that the sample had not
decomposed. CryNi rings show a characteristic single resonance at g ~ 1.8 (figure 3.4),
which was checked for in both spectra. The peak of the EFS was also used in order to
choose the field position for subsequent measurements. In all cases, this was chosen to

be at the peak of the resonance, as marked in the figure.

Example T5 spectra and fits are shown in figure 3.5. In figure 3.5(a), we note the strong
ESEEM at the deuterium nuclear Larmor frequency. The magnetic moments of hydrogen
and fluorine nuclei are sufficiently large that the bandwidth of a 128ns m-pulse is not wide
enough to excite their ESEEM. However, in the case of deuterium, which has a lower

magnetic moment (yg/vp ~ 6.5), this is not the case. Using lengthened pulses, thereby
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FIGURE 3.5: Echo decay curves (black points) with the relevant fits (red line), for the
h-Ben compound templated around a ProNHJ cation, at temperature T' = 4 K.

reducing the excitation bandwidth, we were able to reduce the modulation depth of the
deuterium ESEEM, however, we were unable to remove it completely, as is illustrated
by the figure. For each sample, spectra were recorded using m-pulse lengths of 32 ns,
128 ns, and, in cases where the ESEEM was particularly strong, 400 ns. However, all
data presented in this chapter have been recorded with a w-pulse length of at least

128 ns.

Spectra not exhibiting ESEEM fitted well to the stretched exponential function (equa-
tion 3.1) discussed in section 3.2. In the cases in which ESEEM was present, the first
term of equation 3.1 was multiplied by a modulation function accounting for both its

fundamental frequency (w) and first harmonic (2w):

Y(27) =Y (0) exp(—(27/Tn)* ) (1 + k1 sin(2wt + ¢1) + ko sin(dwt + ¢2)) +¢,  (3.3)

with Y(0), Ton, x, k1, k2, ¢1, ¢2, w and ¢ being freely varying fitting parameters. The
additional parameters k1 and ko characterise the modulation depth of the two ESEEM

components and ¢1 and ¢o give their respective phases. To reduce the number of variable
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parameters the modulations were not permitted to decay independently of the overall
decay of the echo signal, although in reality the decay of modulations may be faster [92].
Phase memory times were determined by least squares fitting of the echo decay with the

relevant expression using a MATLAB solver based on the Trust-Region algorithm.

3.6 Results and Interpretation
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FI1GURE 3.6: Phase memory time, Ty, and stretch parameter, x for compounds tem-

plated around a ProNHJ cation. Error bars from the fit are omitted as these were on

the order of the marker size.
Figure 3.6 shows the T}, and z values for compounds templated around the ammo-
nium cation. In h-tol, there is a marked increase in T, at low temperatures for the
fluorinated compound. As fluorine and hydrogen are magnetically similar, and we con-
firmed through measurement of x,(7") that the intra-molecular exchange interactions
are similar, we conclude that this difference arises from structural effects. As with other
2,6-substituted benzoic acids, in the pentafluorobenzoate the aromatic ring of the ben-
zoate ligands is rotated out of the plane of the carboxyl group [108]. This significantly
alters the local environment of the central templating cation, hindering both penetra-

tion of solvent molecules and rotation and libration of the central methyl groups. The
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temperature dependence of the phase memory time indicates that such rotations and li-
brations are frozen out at lower temperatures in the fluorinated compound but continue
to dominate phase decoherence through spectral diffusion in the protonated and deuter-
ated compounds. Despite variation in the efficiency of dephasing by spectral diffusion
between compounds, in all cases the stretch parameter remains low (x < 1.2) across
the given temperature range. This indicates that spectral diffusion rather than nuclear

spin-diffusion is the limiting phase decoherence pathway in the regime investigated.

We also note that the phase memory times for the h-Ben and d-Ben ligands are very
similar and in A-tol remain roughly constant with temperature. This is in contrast to
previously investigated ligands such as pivalate, for which deuteration has a significant
effect [89]. The insensitivity to ligand deuteration (which is not expected to affect
structure) shows that in these compounds the protons of the ligand are not involved in
the limiting phase decoherence pathway. The likely reason for this is that the relatively
unhindered rotation of the methyl groups of the ammonium cation is much more effective

at driving phase decoherence, aided by the possibility of quantum tunnelling transitions.
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FIGURE 3.7: Phase memory time, T}, and stretch parameter, x for compounds tem-
plated around a Cs™ cation. Error bars from the fit are omitted as these were on the
order of the marker size.
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The Ty, and z values for h-Ben and d-Ben compounds templated around the Cs™ cation
are presented in figure 3.7. Although caesium substitution of the fluorinated compound
was not possible we note that the phase memory time now increases with decreasing
temperature for protonated and deuterated benzoate ligands, exceeding those in the
respective ammonium templated compounds in h-tol. This supports the hypothesis that,
when coupled to a large proton spin-bath, the protons of the ammonium cation limit
phase coherence. The low stretch parameter (z < 1.2) again indicates spectral diffusion

to be the dominant decoherence mechanism in these caesium templated compounds.

In all of the cases studied except the fluorinated compound it is found that solvent
deuteration increases phase memory times. This is not unexpected, given that the
solvent nuclei provide a large spin network that can be very effective in dephasing the
electron spin directly, as well as acting as a spin-bath for nuclear spin flip-flops with other
nuclei in the system, including those of the carboxylate ligand and central templating
cation. The lack of increase in T}, upon solvent deuteration in the case of the f-Ben
ligand is likely related to hindered access of the solvent molecules to the region of the

central cation.

3.7 Conclusions

In conclusion, in order to further elucidate the decoherence mechanisms at work in Cr7Ni
based MNMs, the synthesis of a group of compounds in which hydrogen is replaced by
deuterium, fluorine or chlorine, was explored. Synthesis was found to be challenging,
with many resulting compounds showing only partial substitution of H for the replace-
ment atoms, or instability in ESR solvents. Phase memory times of the resulting stable
compounds, all with hydrogen-, deuterium- or fluorine-substituted benzoate carboxy-
late ligands, were measured via pulsed ESR over the temperature range 3-5K. It was
found that structural changes associated with the inclusion of fluorine atoms provided
the dominant effect, modifying phase decoherence pathways and in particular, hindering
decoherence driven by the central cation. However, the enhancement in phase memory

time achieved by the inclusion of fluorine was no greater than that provided by solvent
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deuteration or substitution of the central cation. Therefore, halogenation does not seem
to provide a productive strategy for the improvement of phase memory time in Cr7Ni

based MNMs.






Chapter 4

Cr7Ni-NQCgp: a Coherent Probe

of Spin Dynamics

4.1 Introduction

The first requirement for physical implementation of quantum algorithms discussed in
section 1.1.1 was scalability, and in the context of molecular spins, the simplest example
of this is scaling up to a two qubit dimer. In this chapter and the next, we will explore
two examples of such systems, beginning firstly with the asymmetric dimer: NQCgg(py)-

Cr7Ni, introduced below.
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FIGURE 4.1: Structures of (a) Cgo and (b) Cry. All balls represent carbon atoms.
Adapted from [109].

Fullerene molecules form a family of carbon cages, which consist of various numbers
of carbon atoms. Figure 4.1 shows the example structures of Cgg, the first member of

the group to be synthesised in 1985, and Cy [110]. It was subsequently shown that

49
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implantation of an atom or small molecule within the fullerene cage, was possible. For
example, lanthanum (La) was successfully implanted in Cga, sitting off centre in the
cage and transferring to it three electrons, to form La3+C§2_ [111-114]. An example of
particular note is that of the nitrogen atom implanted in a Cgy cage, known as NQCgy.
In contrast to the case of La, N sits centrally and transfers only 2% of its electron
density to the cage, a remarkable figure given its high reactivity [115, 116]. By virtue
of its encapsulation in the Cgg cage, the N spin (s = 3/2) exhibits extraordinarily
long, environment-sensitive, decoherence times (up to Ty, = 0.23 us at 7' < 20 K in a
CS2/S2Cly mixture) [117]. This, coupled with the fact that NQCgo can be functionalised
to form NQCgp-NQCgy dimers, has led to much exploration of its use as a molecular

qubit [116, 118-122].

In the present chapter we examine a dimer, in which a NQCgg molecule is linked chem-
ically to a CryNi ring (figure 4.2 (a)). The motivation for this is twofold: firstly, the
dimer represents a two qubit system in which each spin is individually addressable due
to its distinct g-factor (for N, g ~ 2 and for CryNi, g ~ 1.8). Perhaps even more in-
teresting, however, is that the highly coherent nitrogen spin can be used to probe spin
dynamics on the Cr7Ni ring, with its phase memory time a direct reflection of the ring’s
dynamics. This idea is inspired by the principles underlying experimental techniques
such as NMR, in which the T} time of a nucleus can be used to probe the frequency
spectrum of electron spin fluctuations and muon spin rotation, in which the relaxation
time of the muon reflects the spin dynamics of the surrounding electrons [123-126]. Such
dynamics are at present highly relevant, also being studied, for example, in the contexts
of superconductivity and quantum phase transitions [127-132]. The work in this chapter
will examine the phase memory time of the N spin in our N@QCgg(py)-Cr7Ni dimer, as a
function of temperature, comparing the results to those obtained for both a mixture of
undimerised NQCgy and Cr7Ni molecules and functionalised NQCg, alone, all with the

aim of identifying different regimes of spin dynamics on the ring.

The chapter will begin by discussing all three samples in more detail. It will move on to
present both CW and EF'S data, with fits to characterise the spins. We will then examine

the results of the variable temperature measurements of T}, for all three samples, along
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FIGURE 4.2: Structures of (a) the NQCgo(py)-Cr7Ni dimer, (b) the N@QCgq(py)
monomer and (c) components of the NQCg/Cr7Ni mixture. The coloured balls rep-
resent C (grey), N (light blue), Cr (purple), Ni (green), F (yellow), O (red). Methyl
groups of pivalates and ethyl groups of ether are omitted for clarity.

with a potential way to interpret them. The NQCg(py)-Cr7Ni dimer was synthesised by
Benjamin Farrington (BF), of the Oxford Department of Materials and Grigore Timco
(GT) of the University of Manchester. The functionalised NQCgy(py) monomers were
prepared by BF. NQCgy molecules in the mixture were synthesised by Shen Zhou of the
Oxford Department of Materials and the Cr7Ni rings by GT. The sample was prepared
by myself. ESR measurements on the dimer and functionalised monomer were taken
in collaboration with BF. All measurements on the mixture are entirely my own. All

analysis presented is my own.
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4.2 Compounds and Samples

The caged N@QCgp molecules were synthesised via ion implantation, in which a beam of
nitrogen atoms is fired at a gas of Cgg and subsequently condensed to give a N@QCgg
purity of approximately 6 x 1073 % by mole. This was then purified to give a final
purity of 8 x 1072 % by mole [133]. A pyridine bridge was added to the Cgo cages via

an addition reaction to then give the NQCgy(py) monomer shown in figure 4.2(b).

The NQCgo(py)-Cr7Ni dimer was formed by mixing Cgo(py) (8 x 1072 % of which con-
tained an implanted N spin) and CryNi in the ratio 1:1.05 to promote dimerisation.
Reaction pathways were tested firstly with 100% Cgo and the chemically and struc-
turally similar molecular magnet Cr7Co, whose significantly weaker paramagnetism al-
lowed characterisation of the product using 'H NMR [133]. The specific Cr7Ni ring used
has a structure somewhat different to those described in section 3; ions in the CryNi ring
are, as before, octahedrally coordinated, however, the bridging ligands vary around the
ring (figure 4.2(c)) [84]. Instead of eight, there are now only three bridging fluorides,
with the remaining five replaced by a polyalkoxide (CgHi4NsHs). Seven out of eight
edges are bridged by two pivalate ligands, with one Cr-Ni edge bridged by one only.
Octahedral coordination is maintained by a link from the N of the polyalkoxide to the
Cr and bonding of a water molecule (H20) to the Ni. The ring is overall charge neutral
therefore, we do not require a central templating cation. In the dimerisation reaction,
the water molecule is displaced and a bond formed between the Ni ion of the Cr7Ni ring

and the N of the pyridine in NQCgo(py) (figure 4.2(a)).

Three samples were prepared for ESR measurement. In all cases, the relevant molecules
were dissolved in dry deuterated toluene, transferred under argon to a quartz ESR tube,
degassed via the ‘freeze-pump-thaw’ method described in section 2.2.9, and flame sealed.
They were then flash frozen before insertion for ESR measurement. The first sample
contained the N@QCgo(py)-Cr7Ni dimer, with a N spin concentration of 4.8 x 10~7 M.
Given that the Cgp (including those both with and without an enclosed N spin) and
Cr7Ni were combined in the ratio 1:1.05, this resulted in a Cr7Ni spin concentration of

6.3 x 10~* M. This was chosen to strike a balance between reduction of instantaneous
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diffusion due to the CryNi rings and enhancement of the N signal. The first of the two
control samples was NQCgo(py), with a N@Cgg spin concentration of 4.8 x 10~7 M. The
second was a mixture of ‘simple’ NQCgo (without functionalisation to prevent dimerisa-
tion with Cr7Ni rings), with a N spin concentration of 4.8 x 10~7 M, and Cr;Ni rings
at a concentration of 6.3 x 10~* M. It should be noted that due to the light sensitivity

of NQCjg, estimates of the N spin concentration are upper bounds [134-136].

The s = 3/2 electron spin of N is coupled isotropically to its nuclear spin. For the > 99%
naturally abundant N, this is I = 1. The resulting spin Hamiltonian, when the cage

is functionalised, is

H=DS2+ E(S;—S;)+ usgBo - s+ pungnBo - I+ AS - 1. (4.1)

Here, the fourth term represents the nuclear Zeeman energy, with un the nuclear mag-
neton and gy the isotropic nuclear g-factor. The final term accounts for an isotropic
hyperfine coupling between the N electron and nuclear spins, introducing an energetic
preference for them to be antiparallel to one another, of strength characterised by A,
the isotropic hyperfine coupling constant. In the absence of cage functionalisation, full
symmetry is restored and both D = 0 and £ = 0. The CryNi ring is, as for those we
encountered in chapter 3, described by equation 1.6. The resulting spectrum of the N

spin, in both cases, is hyperfine split into three characteristic narrow lines [137, 138].

In the case that NQCgo(py) successfully forms a dimer with Cr7Ni, we expect an addi-

tional dipolar coupling between the two spins, given by

Hdip =S Jdip . S, (4.2)

where s and S are the spins of the N atom and Cr7Ni ground state, respectively, and

Jaip is the dipolar coupling tensor. In the point-dipole approximation, Jgj, is given by
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2
_ . _ HoHBYsYs
Jaip = Jaip -1 ;o Jaip = 747%7’{’2 ;

where g5 and gg are the isotropic g-factors of the N and CryNi spins respectively [92].

4.3 ESR Measurements

Figure 4.3(a) shows a CW ESR spectrum of the NQCgg(py)-Cr7Ni dimer, recorded at
T = 10 K. We note the separation in field of the NQCgy and Cr7Ni resonances (at By ~
0.335 T and By ~ 0.368 T, respectively), reflecting their distinct g-factor values. We also
note that the linewidth of the ring’s resonance is significantly greater than that of the
N spin. In order to characterise the CryNi ring, the spectrum was fitted with a uniaxial
g-factor and H-strain, to account for unresolved hyperfine interactions with surrounding
nuclei. The parameters obtained were g = [1.833 1.833 1.768] and Hgtrain = 250 MHz.
Due to the extremely long relaxation time of NQCgg at low temperature, as evidenced
by its narrow linewidth, CW measurements of the NQCgy part of the spectrum were
additionally carried out at the increased temperature of 90 K (figure 4.3(b)) in order to
prevent signal saturation. We note here the three lines characteristic of both ‘pure’ and
functionalised NQCgg, with two further peaks outside this region. These appear only
for the functionalised form, whose symmetry is broken by the attached chemical linker,
and are characterised by the zero field splitting terms D and F, both of which must be
included in order to find a good fit to the data. The optimal fit to equation 4.1, returned
the values: g = 2.0023, D = 14.62 MHz, ¥ = 0.21 MHz and A = 15.73 MHz, with a
Gaussian linewidth, ABy = 0.056 mT. These are typical for functionalised NQCg(py),
showing that any dipolar interaction with the CryNi ring does not influence the N spin’s

spectrum at this temperature.

Given that 99.92% of Cr7Ni rings in the dimer sample were connected to an empty Cgo
cage their investigation would not have revealed any information on the ring’s interaction

with the N spin. Therefore, all subsequent measurements were performed solely on the
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FIGURE 4.3: CW ESR spectra of NQCgo(py)-Cr7Ni. (a) Spectrum recorded at T' =
10 K with » = 9.380 GHz (dark blue line) and modulation amplitude, ABy = 3.0 x
107" G; fit to the ring’s signal at By &~ 0.368 T (red line), with a uniaxial g-tensor [1.833
1.833 1.768] and an isotropic Gaussian H-strain accounting for unresolved hyperfine
interactions, Hgtrain = 250 MHz. (b) Spectrum recorded at 7' = 90 K with v =
9.379 GHz and modulation amplitude, ABy = 3.0 x 10~ G, focused on the region of
the NQCyg signal (dark blue line); fit (red line), with an isotropic g-factor, g = 2.0023,
Gaussian linewidth, ABy = 0.056 mT, zero field splittings, D = 14.62 MHz and E =
0.21 MHz and isotropic hyperfine coupling to the s = 1 N nucleus, A = 15.73 MHz.

N@Cgg component. The greater concentration of Cr7Ni spins is reflected by figure 4.3,
from which we see that the integrated signal amplitude is much greater for the CryNi

signal than for that of the NQCgjq.

For all three samples, echo detected field sweeps were performed at various temperatures
using a Hahn echo sequence with a 160 ns w-pulse, delay time, 7 = 2000 ns and two-
step phase cycle. For these measurements, and all further pulsed ESR presented in this
chapter, at each temperature, the shot repetition time was adjusted to give a reasonable
compromise between the time taken to perform a measurement and signal saturation
due to the long 77 time of NQCgo. From figure 4.4(b) and (c), we see that for both
the monomer and mixture, we obtain the characteristic three line spectrum expected for

N@Cgg, and that this retains the same shape, down to temperature T = 2.5 K. For the
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dimer, however, figure 4.4(a) shows that this is not the case. At T'= 8 K, the spectrum
resembles those of the dimer and mixture, however, as we cool to lower temperatures, it
develops a new feature, most notably additional peaks between the original three. We

attribute this to dipolar interaction with the Cr7Ni ring.

—275K
— 35K
— 425K
— 80K

(a)

ESE (a.u.)

FIGURE 4.4: EFS at variable temperature for (a) NQCgo(py)-Cr7Ni dimer, (b)
N@Cgo(py) monomer and (¢) N@QCg/Cr7Ni mixture. (a) recorded at v = 9.737 GHz,
(b) recorded at v = 9.737 GHz and (c) recorded at v = 9.748 GHz. (b) and (c) are
scaled to v = 9.737 GHz for ease of comparison.

Figure 4.5 explores EFS data for the dimer in more detail. In panel (a), the T' = 8 K trace
is presented along with a fit to equation 4.1. To obtain this, values for the parameters
g, D, E and A were taken from the CW fit in figure 4.3(b), and the Gaussian linewidth
was varied. This strategy was chosen as the extremely narrow linewidths of N@Cgq
make them highly susceptible to experimental distortion, for example, in CW data, due

to the modulation amplitude or in EFS data, due to the finite bandwidth of a w-pulse.
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FIGURE 4.5: EFS data and simulation for NQCg, region of NQCgo(py)-CryNi spec-
trum, with v = 9.737 GHz. (a) Data at T = 8 K (dark blue line) and fit (red
line). For fit, isotropic g-factor, ¢ = 2.0023, zero field splittings, D = 14.62 MHz
and £ = 0.21 MHz and isotropic hyperfine coupling to the s = 1 N nucleus,
A = 15.73 MHz were taken from the CW fit of figure 4.3. Gaussian line width varied
and an optimum value, ABy = 0.0703 mT, was returned. (b) Simulated spectra, with
parameters taken from (a), in the absence of dipolar coupling to the Cr;Ni spin (brown
line) and with dipolar couplings of Jgi, = 8 MHz (green line) and Jgip = 17 MHz
(light blue line). (c¢) Data at T = 2.75 K (dark blue line) and fit (red line). Fit as-
sumes parameters taken from (a) and that we have a mixture of N spins, some with
Jaip = 0 MHz and some Jgip = 17 MHz. Relative population size optimised to give the
percentage of nitrogen spins experiencing a Jqip, = 17 MHz dipolar coupling as 64.3%.

This could cause a difference in the measured linewidth between CW and EFS data.
The linewidth obtained was ABy = 0.0703 mT and the fit represented the data well,
confirming that dipolar interaction with the CryNi ring does not influence the N spin’s

spectrum at this temperature.

In order to explain the additional features in the T' = 2.75 K spectrum, we turn firstly
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to figure 4.5(b), which shows simulated spectra for NQCgp, with fit parameters taken
from (a), without dipolar coupling to the CryNi ring, and with dipolar couplings Jqip =
8 MHz, and Jgip = 17 MHz. These were chosen as they correspond to the two expected
conformations of the dimer: the first with N at a distance 1.8 nm from the centre of
the ring, known as the ‘anti’ conformation and the second with N at a distance 1.4 nm
from the ring’s centre, known as the ‘eclipsed’ conformation [133]. The Jqip, values were
calculated via equation 4.3 using the g-vales obtained from our CW data. In the case of
the ring, an isotropic g-value of g = 1.811 was used, the weighted average for a spherical
distribution of spins. Ome can see immediately that features of the Jgi, = 17 MHz
spectrum closely resemble those in our 7' = 2.75 K data (panel (c¢)). From this we
assume our dimers are in an ‘eclipsed’ conformation. Given the appearance in the
T = 2.75 K spectrum of spectral features for NQCgo(py) both with and without a
Jaip = 17 MHz dipolar coupling, and the expectation that only some of our NQCgg(py)
dimerised successfully, we postulate that what we are seeing is the signal from a mixture
of dimers and monomers. Panel (c) shows the 7' = 2.75 K data fitted, assuming such
a mixture and and varying the percentage of each component. The optimal fit was
found for a mixture in which 64.3% of the NQCgo(py) molecules had successfully formed
dimers. We must remember, however, that this is only an estimate as any difference
in T}, time between the two types of molecule would distort this value, leading to an
artificially higher percentage of the species with a larger T7,, such that its echo was
stronger at the point of measurement. Exploration of these times forms the next part

of our investigation.

Phase memory times of all three samples were measured as a function of temperature
using X-band pulsed ESR, applying the standard Hahn echo sequence, ‘m/2 — 7 — 7 —
7 — echo’, with a 160 ns w-pulse and two-step phase cycle, as discussed in section 2.2.3.
Measurements were performed on the lowest field line of the N spin’s trio of resonances.
At lower temperatures, this may have resulted in a favouring of signal due to undimerised
molecules, given their relative signal strength compared with dimerised molecules at this
field position. However, it was unavoidable if we were to achieve consistent measurement
across all temperatures as in the high temperature region, there is little signal away from

the three principal resonances. The resulting decay curves were found to best fit the
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stretched exponential function given by equation 3.1, without an instrumental offset,
such that the extracted parameters were Ty, and x. We can alternatively consider the
former as a decoherence rate (T,;'), the sum of the individual decoherence rates resulting

from each contributing mechanism. All results are presented in the next section.

4.4 Results and Interpretation

Figure 4.6 compares the T}, T-' and 2 data obtained for the dimer and monomer. At
temperatures below about 50 K, we see the phase memory time of the N@QCg(py) sample
decrease with decreasing temperature. Typically, endohedral fullerenes in deuterated
toluene show a minimum in 7}, around 14 K, attributed to the slow rotation of solvent
methyl groups [139]. That we do not see this suggests that at low temperature, the
dominant source of decoherence in the uncomplexed case is rather, slow motional modes
within the attached bridge. This is supported by a stretch parameter x, which decreases
with decreasing temperature, as a slowing of the dominant motional mode increases its
decoherence effect [99]. The T}, values of the NQCg(py)-Cr7Ni complex show a similar
gentle decrease with decreasing temperature, down to approximately 15 K. However,
between the temperatures of 10 K and 3 K, we see the emergence of a dramatic new
feature, most visible in the plot of decoherence rate (panel (b)). This, we attribute
to the magnetisation dynamics of the CryNi ring. At this stage, we also note that at
T = 2.5 K the Ty, times for the dimer and monomer are fairly similar, indicating that
the estimate made of the successfully dimerised population in figure 4.5, was not biased

by a difference in phase memory time.

Due to the dipolar interaction between them, spin transitions on the Cr7Ni ring cause
magnetic field fluctuations at the N spin sites. These, in turn, give rise to fluctuating

terms in the N spin Hamiltonian:

Hﬂuct: Z Ci(t)0i7 (4'4)

1=T,Y,2
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FIGURE 4.6: Phase memory time, Ty, (a), decoherence rate, T, (b) and stretch
parameter, = (c) for the NQCg(py)-Cr7zNi dimer (dark blue circles) and N@QCgq(py)
monomer (dark red circles). All were recorded using the standard Hahn echo sequence
and a m-pulse length of 180 ns. By was tuned to the lower field line of the NQCgq
spectrum at high temperature, and was then kept constant throughout.

where C;(t) characterises the size of the fluctuating term and absorbs the magnetic field
fluctuation, B;(t), at the site of the N spin. o; is the relevant sigma matrix. The = and
y components drive longitudinal relaxation and, assuming the longitudinal relaxation
time 17 > Ty, do not affect T;,. The z component, however, provides an additional

contribution to phase relaxation. It is characterised by its autocorrelation function,
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G(1) = (C.(t)Cs(t + 7)) = (CZ) exp <_ ‘T|> . (4.5)

Tc

The first form provides the definition and the second is the functional form characteristic
of the thermal excitation of a mode with relaxation time, 7.. Here, angular brackets
denote a time average. In the case that we have fluctuations on multiple timescales,
we have a sum of such functions. We expect that the magnitude of C, is governed by
two factors: the absolute size of the magnetic field fluctuations at the CryNi sites, and
the distribution of dipolar coupling strengths between the ring and the N spin. The
coupling strength between any given two spins is inversely proportional to the cube of
their separation (equation 4.3). We expect 7. to reflect both the intrinsic energy level
structure of the ring and its surrounding environmental phonon bath, which provides

energy, thereby inducing transitions between these.

Alternatively, one can consider the frequency spectrum:

) = FT[6()] = (C2) k™, (49

given by the Fourier Transform of G(7). For a spectrum of fluctuations characterised by
a single 7., we get a frequency distribution that is Lorentzian, with halfwidth, w. = 7. 1
Alternatively, in the case that there are fluctuations occurring on multiple timescales,
we expect the frequency distribution to be Gaussian. It has been shown, by NMR and
subsequent theoretical calculation, that fluctuations on the ring, do in fact decay over
a single timescale [123, 140]. Therefore, we will assume that our frequency distribution
is Lorentzian, with a temperature dependent halfwidth. This is expected to increase
with increasing temperature, as the higher energy phonon bath induces more rapid
fluctuations. At low temperature (7' < 8 K), we expect that <C§> starts to decrease,
eventually tending to zero as the coherent ground state is formed and fluctuations are
frozen out. This corresponds to the temperature at which the ground state of the ring

is sufficiently coherent that it permits the observation of a spin echo in experiments

conducted directly on the CryNi S = 1/2 Zeeman transition [89].
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Having examined fluctuations on the Cr7Ni ring, we must now consider the effect that
these will have on the phase memory time of our N spins. For a given amplitude of
fluctuation, we expect that its efficacy in driving decoherence in a Hahn echo experiment,
will be determined by its characteristic timescale, 7., with respect to the timescale of
the interaction. This is governed by the strength of the dipolar interaction: 74, ~ w;ié.
When there is a fluctuation on the ring, the N spin experiences a corresponding change
in B, which must be either strong or long enough to cause a change in the phase of the
precessing N spin. For the 1.4 nm separation within the ‘eclipsed’ molecule, the dipolar
interaction strength corresponds to a timescale ~ 0.058 us. Interaction with a single
Cr7Ni ring on a neighbouring molecule at an average distance of 14 nm, corresponds
to a timescale, 74;, ~ 58 ps. Fluctuations rapid with respect to the relevant timescale
will average to zero, as they will relax before any significant phase difference has been
acquired by the N spin. However, as they slow towards the interaction timescale, they
will become highly effective in driving decoherence. This will continue to be true until
the fluctuation timescale slows down so much that it reaches that of the Hahn echo
experiment, on the order of T5. In this regime, the phase differences acquired will be
partially refocused. We note that refocusing of slow fluctuations will be less effective
at initial time points with a shorter wait time between pulses, such that as we move to
subsequent time points, the signal decay is enhanced. This leads to a ‘super exponential’

form reflected by a reduced stretch parameter.

Turning back to figure 4.6, we can begin to understand the data. At high temperature,
fluctuations are rapid, and have little effect on decoherence. At the peak in Tj,, around
T = 5 K, there is a high intensity of fluctuations within the effective window of timescales
and therefore rapid decoherence is driven. At low temperature, fluctuations are frozen
out, such that the decoherence rate decreases and the coherent ground state is formed.
This is illustrated by figure 4.7, in which Lorentzian distributions of different halfwidths
with respect to the dipolar interaction frequency, are plotted. Neutron scattering reveals
the Cr7Ni ring’s first excited state, of spin S = 3/2, to occur approximately 14 K above
the ground state. The next group of excited states is closely spaced and begins at 32 K
above the ground state [81]. Therefore, in the region of interest, we expect fluctuations to

be due primarily to the ground to first excited state transition, with the same amplitude
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regardless of temperature. Before fluctuations between these states begin to be frozen
out, we assume <CZQ> is roughly temperature independent for a given dipolar distribution.
Below T' < 8 K, as discussed, we expect a reduction in <C§> due to the fluctuations being
frozen out. We see that the greatest integrated intensity of transitions at frequencies
w < wyip occurs for an intermediate 7., such that, as observed, as we cool, there is a
peak in the decoherence rate, which then falls back down as <CZQ> decreases. We also
note that in the region of rapid decoherence, the stretch parameter is reduced. This

indicates that fluctuations may be slowing to the timescale of the T, experiment.
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FIGURE 4.7: Lorentzian frequency spectra, as described by equation 4.6, for three
different correlation timescales: 7. = 0.174;p and 7. = 7gip When <C§> =1; 7o = 207qip
when <CZ2 > = 0.02. We see that the integrated intensity below wqip, is greatest for the
Tc = Tdip Curve.

In order to separate the decoherence effects of fluctuations within the NQCg(py)-CryNi
dimer and with the surrounding distribution of rings, we turn to figure 4.8, which com-
pares data for the dimer and mixture. We see that results for the mixture follow a
similar trend to the dimer. At high temperature, decoherence rate is low, then, as we
cool, we reach a peak at around T = 5 K, and finally the decoherence rate decreases
again. However, it appears that in the case of the mixture, the peak in decoherence
rate, is narrower. This is likely due to the broader distribution of dipolar interaction
energies present in the case of the dimer. At high temperature, when fluctuations are
rapid, decoherence in the dimer is driven by fluctuations slower than the timescale of the
intra-dimer interaction. However, in the case of the mixture, these are still too rapid to
be effective. At lower temperatures, fluctuations due to the distribution of surrounding
molecules become effective, and their effect is amplified by there being a large number

of spins surrounding the N, on the same order of separation.
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FIGURE 4.8: Phase memory time, Ty, (a), decoherence rate, T,' (b) and stretch
parameter, z (c) for the NQCgo(py)-Cr7Ni dimer (dark blue circles) and N@QCgp/Cr7Ni
mixture (dark green circles). All were recorded using the standard Hahn echo sequence
and a m-pulse length of 180 ns. By was tuned to the lower field line of the NQCgq
spectrum at high temperature, and was then kept constant throughout.

4.5 Conclusions

In conclusion, motivated by its potential use both as a two qubit dimer and a way to
probe spin dynamics on the Cr7Ni ring, we have used ESR to explore a NQCg(py)-CryNi

dimer. The dimer was characterised using both CW and EFS data, and, using features
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in the N spin’s low temperature EFS data, attributed to the dipolar interaction with
the Cr7Ni ring, it was estimated that approximately 63.4% of N@QCgg(py) molecules had
successfully dimerised. Measurements of the phase memory time and decoherence rate of
the N spin were presented over a range of temperatures (7' = 2.5 K to T' = 130 K) for the
N@Cgp(py)-CryNi dimer and compared to those obtained for both NQCg(py) monomers
alone, and a N@QCgp/Cr7Ni mixture. The measurements successfully provided insight
into the magnetisation dynamics of the CryNi ring. We have identified three distinct
regimes: the first at high temperature, where fluctuations on the ring are so rapid that
the NQCgy appears magnetically disconnected. As these magnetic fluctuations begin
to slow towards the timescale of the dipolar interaction between CryNi and the N spin,
we see a sharp rise in the decoherence rate of the N spin, peaking at 7"~ 5 K. At the
lowest temperatures, a recovery of the relaxation rate reflects the onset of the ring’s
coherent ground state. It was found that the peak in decoherence rate as a function of
temperature was broader in the case of the dimer, reflecting the broader distributions

of dipolar interaction energies experienced by the N spins.






Chapter 5

Cr7Ni-Cr7Ni Dimers: towards

Entanglement

5.1 Introduction

In chapter 4 we presented the asymmetric dimer, NQCgo(py)-Cr7Ni, whose two com-
ponents have distinct g-factor values (for N, g ~ 2 and for Cr7Ni, g ~ 1.8), thereby
allowing us to address each one individually. However, what this dimer does not allow
is control of its two spins simultaneously. This is because, for a given By, their resonant
frequencies have a separation greater than the bandwidth of our ESR cavity. In the
present chapter we will explore instead a group of symmetric dimers, formed from two
identical Cr7Ni rings. While one might assume that use of identical spin components
would result in loss of the ability to address each one individually, this is not the case.
The spins show significant g factor anisotropy (= 3 %) and our molecules are flexible,
therefore we expect that, in a given molecule, there will be some difference in the rings’
orientations with respect to By, leading to a difference in g-factor. This allows us to

address them individually and is small enough that we can do so simultaneously.

In order to move further towards the implementation of quantum algorithms in a dimer,
we must investigate not only properties of the individual qubits, but also the coherent

couplings between them, essential for the controlled formation of entangled states. This

67
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should be done bearing in mind three key timescales, relative to one another: T,,, the
phase memory time of an individual qubit, must be the longest; h/J (with J the inter-
qubit interaction energy) is characteristic of the duration of a two qubit gate and should
be intermediate; and the single qubit manipulation time should be the shortest. Phase
memory times of the CryNi ground state are typically within the range 1-10 us at low
temperature and in a pulsed ESR experiment we can manipulate them on the 10 ns
timescale [88, 89]. Therefore, an interaction offering h/J in the 100 ns range would
be the most readily exploitable. It is this that we want to measure in our group of
Cr7Ni-Cr7Ni dimers using the technique known as double electron-electron resonance
(DEER). Our aim will be to identify which systems, if any, obey the relevant hierarchy

of timescales.

DEER is a technique that utilises the fact that, if there is a magnetic interaction between
two spins, the coherent precession rate of one is modified by an inversion of the spin
state of the other, with a stronger interaction inducing a greater change. Although
originally applied to inorganic systems, it has been used extensively in the investigation
of biological systems, for example proteins [92, 141-144]. These are labelled by ESR
active molecules, for example nitryl nitroxides, at specific sites. The measured dipolar
coupling between the spin labels is used to reveal their separation, providing insight into

the structure of the system [145].

The chapter will begin by presenting the group of CryNi-CryNi dimers investigated. It
will move on to present CW data and fits used to characterise the individual rings. The
phase memory times for each compound at T' = 2.5 K, as measured by the standard
Hahn echo sequence, are presented. We then examine in more detail the pulse sequence
of the DEER experiment. The resulting data for each compound are presented, ac-
companied by a discussion of both the data and feasibility of the compounds for use
in implementing two qubit quantum gates. We end by presenting an outlook for use of
these dimers in more advanced two qubit experiments in the near future. Samples were
synthesised by Grigore Timco and Antonio Fernandez of the University of Manchester.
ESR experiments were carried out in collaboration with Dr Alice Bowen of Oxford De-

partment of Physics. DEER traces for samples 1D and 2B were ‘stitched’ by Dr Alice
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Bowen. All other analysis and simulation presented here is entirely my own.

5.2 Compounds

Figure 5.1 shows the structures of the dimers investigated in this chapter. All of these
consist of two coupled Cr7Ni rings of ground state spin S = 1/2, as discussed in chapter 1.

However, the ligands on the rings and linking strategy divide them into two main groups.

FiGURE 5.1:  Structures of the two Cr;Ni ring dimers investigated in this
chapter. The atoms present are Cr (green octahedra), Ni (light blue oc-
tahedra), other metals (dark blue octahedra), O (red balls), C (grey balls),
N (blue balls), B (yellow balls). (a) {[H2T1][Cr;NiFg(O2C*Bu)igl2} 1A
(1B is very similar, differing only by the stopper on the thread); (b)
{[HQT]_][CI‘7NiF8(OzCAd)16]2} 1C; (C) {[HT3] [CI‘7N1F8(OQCtBu)16]}2[Rh2 (O2CM€)4]
]_D7 (d) {[Cr7N1F3(Etglu)(OgCtBu)m]ng} 21&7 (e) {[Cr7N1F3(Etglu)(OQCtBu)w]QLZ}
2B; (f) {[Cr7NiF3(Etglu)(02C'Bu);5]2L3} 2C. Methyl groups of pivalates and ethyl
groups of ether are omitted for clarity.

The first group of compounds is the ‘rotaxanes’, which consist of two Cr7Ni rings
threaded on a rigid axle. The type of ring used to form this group is the same as
those presented in chapters 1 and 3, with the difference that instead of a central tem-
plating cation, the axle passes through the centre of the ring. In these compounds,

there is no covalent bonding between the two rings therefore we expect the magnetic
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interaction between them to be entirely dipolar, dependent upon the separation of the

rings and the orientation of the axle with respect to Bj.

For compounds 1A, 1Bd and 1C, the rigid axles are very similar and have the chem-
ical formula [R-CHyCHg-NH-CHs-(CgHy)s-CHo-NH-CHoCHo-R] (T1: R = Ph; T2:
R = CH3CHMey). The carboxylate bridging ligands of 1A and 1Bd are pivalate
(O2CCH(CHs)s), with the H exchanged for D in 1Bd, motivated by a possible en-
hancement of T3,. In compound 1C, the carboxylate ligand is, in contrast, formed from
rigid adamantane groups, shown in figure 5.1(b), motivated again by a possible increase
in Ty, this time by reducing the mobility of attached H nuclei. These were all synthe-
sised by threading the axle through two rings and then attaching a chemical ‘stopper’

on the end.

By contrast, 1D was synthesised by threading the linker [Ph-CHoNHo-CHo-CgHy-Py]
(T3: Py = CsHyN) through one ring and then attaching the ends of two of these to
the metal complex [Rhy(O2CMe)y]. This strategy allowed the formation of an axle
of length longer than would have been possible directly due to the insolubility of the
relevant ‘double’ organic axle. The carboxylate bridging ligand in this case was pivalate.

Table 5.1 gives the separation of the CryNi ring centroids for each rotaxane dimer.

The second group of compounds is based on the variety of CryNi ring described in
section 4.2. Just as the water molecule was displaced by the functional group of the
N@Cgp(py) molecule to form NQCgo(py)-CryNi, each end of the relevant chemical linker
displaces an HoO and forms a bond with a ring. Each of the dimers has a different
linker, from shortest to longest: 2A (L1), 2B (L2) and 2C (L3). The structures of
these linkers are shown in appendix A. They are more flexible than the rotaxane axles.
The shortest metal-metal distances in the compounds are the Ni-Ni distances: 1.89 nm,
2.71 nm and 3.07 nm, for 2A, 2B, 2C respectively. The largest Cr-Cr distances are

2.24 nm, 3.24 nm and 3.55 nm, respectively.

Full synthetic details are beyond the scope of this thesis and can be found in the sup-

plementary information of the relevant paper [146].
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5.3 CW ESR and 7,, Measurements

Samples were dissolved in either dry hydrogenated (samples 1A, 1Bd, 1C, 2B) or
dry deuterated (1D, 2A, 2C) toluene, such that the concentration was either 100 pM
(samples 1A, 1Bd, 1C) or 200 uM (samples 1D, 2A, 2B, 2C). Solvent was chosen as
a compromise between extension of Ty, by deuteration and introduction of deuterium
ESEEM, which is difficult to remove in DEER experiments. Concentration was chosen
as a compromise between enhancement of signal strength and reduction of Ty, due to
instantaneous diffusion. Samples were transferred to a 3 mm quartz ESR tube and flash

frozen before insertion for ESR measurement.

e
o
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FIGURE 5.2: Example CW ESR spectra. (a) X-band CW ESR spectrum of compound
1A at 9.3878 GHz (dark blue line) and EasySpin simulation (red dashed line). Simu-
lation assumed a uniaxial g-tensor and included an isotropic Gaussian FWHM energy
broadening (H-strain), which accounts for unresolved hyperfine splittings. Optimised
parameters were g = [1.791 1.791 1.739], with an H-strain = 253 MHz. (b) X-band
CW ESR spectrum of compound 2A at 9.3878 GHz (dark blue line) and EasySpin
simulation (red dashed line). Data was simulated as for (a), giving ¢ = [1.832 1.832
1.761] and an H-strain = 223 MHz.

Figure 5.2 shows X-band CW spectra for compounds 1A and 2A, recorded at T =
2.5 K, along with the corresponding simulations, which allowed a uniaxial g-factor and
isotropic Gaussian broadening due to unresolved hyperfine splittings. It was found that
an anisotropic broadening or g-factor with three distinct principal components did not

improve the fit in either case. The spectrum of 2A shows more structure than that of
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1A. This is due to it being more anisotropic as a result of the reduced symmetry of the
Cr7Ni rings from which it was synthesised. Both spectra are essentially indistinguishable
from the spectra of the corresponding monomers, therefore we conclude that the ring-
ring interaction energy is small, compared to the ESR linewidth. This is in contrast to
previously synthesised Cr7Ni-Cr7Ni dimers, which had an inter-ring interaction strength
so high (between h x 0.3 GHz and h x 10 GHz) that there was a clear splitting observable
in the CW ESR spectra that was not present in those of the monomers [147]. CW spectra
for all other dimers in groups 1 and 2, were almost identical to those of compounds 1A
and 2A, respectively. The fit parameters for all compounds are presented in table 5.1.

TABLE 5.1: Parameters for each compound, obtained by simulation of X-band CW
data, using EasySpin. Simulation assumed a uniaxial g-tensor and allowed an isotropic
Gaussian FWHM energy broadening (H-strain), which accounts for unresolved hyper-
fine splittings. Bracketed distances give the separation of the Cr;Ni ring centroids for
1A, 1Bd, 1C and 1D and the Ni-Ni distances for compounds 2A, 2B and 2C.

Compound g-tensor H-strain (MHz)
1A (1.64 nm)  [1.791 1.791 1.739] 253
1Bd (1.64 nm) [1.796 1.796 1.742] 255
1C (1.64 nm)  [1.794 1.794 1.741] 285
1D (2.50 nm)  [1.790 1.790 1.740] 260
2A (1.89 nm)  [1.832 1.832 1.761] 223
2B (2.71 nm)  [1.835 1.835 1.771] 220
2C (3.07 nm)  [1.833 1.833 1.764] 223

Phase memory times of all compounds were measured at T' = 2.5 K using the standard
Hahn echo sequence (section 2.2.3), with a m-pulse of length 280 ns to eliminate hydrogen
ESEEM. In all cases, the field position was chosen from the peak of a preliminary EFS, as
in chapter 3. The resulting curves were fitted to a stretched exponential (equation 3.1),
without any instrumental offset. Table 5.2 contains the resulting parameters for each
compound, along with the corresponding errors. We note that phase memory times are
in the same region as those presented in chapter 3, indicating that dimerisation has
not had a detrimental effect on the preservation of coherence at this temperature. The
longest phase memory times: 3.2 us and 2.4 us, were achieved for compounds 1Bd
and 1C respectively. This is to be expected given that the carboxylate bridging ligand
of compound 1Bd has been deuterated, limiting the decoherence effect of the highly

magnetic protons and that of compound 1C has been replaced with the more rigid
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adamantane group, which reduces decoherence due to the mobility of hydrogen nuclei.
In all cases the stretch parameter was greater than 1, suggesting that coherence times
may be limited by nuclear spin diffusion mechanisms.

TABLE 5.2: Phase memory time, 7Ty, and stretch parameter, z for each compound,
recorded at T' = 2.5 K, using a standard Hahn echo sequence and m-pulse length of
280 ns, in order to suppress ESEEM. Bracketed distances give the separation of the
Cr;Ni ring centroids for 1A, 1Bd, 1C and 1D and the Ni-Ni distances for compounds
2A, 2B and 2C.

Compound T (us)  or, (us) X o
1A (1.64nm) 0801  0.003 1.615 0.007
1Bd (1.64 nm) 3.24 0.02 1.294 0.008
1C (1.64 nm) 2442 0011  1.209 0.007
1D (250 nm)  0.543  0.008  1.295 0.014
2A (1.89 nm) 0.608 0.012 1.27  0.02
2B ( )
2C ( )

2.71 nm 0.683 0.004 1.45  0.01
3.07 nm 0.54 0.02 1.18  0.03

5.4 The DEER Sequence

While the CW spectra allow us to place an upper bound on the strength of the interaction
between our two CryNi rings, it does not allow us to estimate it accurately. For this,
we require a more sophisticated method and we turn now to the technique mentioned in
section 5.1: double electron-electron resonance, or DEER. As was discussed, this utilises
the fact that, if there is a magnetic interaction between two spins, the inversion of one
will induce a change in the rate of precession of the other, which the DEER technique

allows us to measure.

Figure 5.3 illustrates the two types of ESR pulse sequence that can be used for DEER
experiments. In panel (a), we meet the ‘three-pulse’ variant, in which the ‘probe’ se-
quence is shown in red. This sets up a simple Hahn echo at the resonant frequency of
one spin on the molecule, say spin A, and we measure its integrated intensity. Both
pulses are of the same length but are applied with attenuation adjusted to produce a
m/2- and m-pulse. This approach is taken such that the bandwidth excited by each of

the pulses is the same. In green is shown the ‘pump’ sequence. This consists of a single
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FIGURE 5.3: (a) and (b) illustrate a three and four pulse DEER, sequence respectively.
In both, the pump pulse (green, at v5) is stepped along the time axis, increasing T'. The
effect of this is seen as an oscillation in the height of the echo, observed with the probe
pulse sequence (red, at v1). (c) shows the ESR absorption spectrum as a function of
frequency, for a system with axial g-tensor ([1.79, 1.79, 1.74]) and 250 MHz isotropic
H-strain. Example excitation pulse profiles are shown in blue, pink and orange. (d)
provides a visual representation of the ring orientations, relative to a vertical By, which,
due to g-anisotropy, H-strain and population differences, are excited by each example
pulse. The north pole corresponds to rings whose anisotropy axes are aligned with By.
Red indicates high excitation and blue, low.
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m-pulse tuned to the resonant frequency of the other spin in our molecule, say spin B,
which is inverted, thereby altering the precession frequency of spin A. The effect of this
is to adjust the phase of the echo by an amount dependent upon the time, 7', at which
the pump pulse was applied. In a DEER experiment, 7" is incremented, resulting in an
oscillation in the integrated echo intensity. A higher frequency of oscillation indicates
a greater change in precessional frequency caused by a stronger magnetic interaction

between the two spins.

If, when we excite A spins with the probe sequence, the pump pulse excites all B spins
in the corresponding molecules, and all magnetic interactions are intramolecular, our
observed signal will be as described above. However, this is unfortunately not the case.
Firstly, only a fraction of B spins corresponding to the excited A spins, Fp, will fall
within the bandwidth of the pump pulse. This introduces an unmodulated component.
Furthermore, the A spins interact not only with B spins in the same molecules but also
with those in neighbouring molecules. This results in a decay of the signal, as at greater
T, there is a greater mismatch in background interactions before and after the probe
channel 7-pulse, thus refocussing is less effective. For a 3D homogenous background
distribution of B spins in the point dipole approximation, this is found to be a simple

exponential decay:

Signal(T") o exp (—kgagsCFsT), (5.1)

where k is a constant, ga and g are the isotropic g factors of spins A and B respectively,
and C' is the volume concentration of spins [92]. The effect of this is that the strongest
signal is seen at the earliest times. However, when the pump pulse overlaps with the
m/2-pulse of the probe sequence, the signal is distorted due to nonlinearities in the high
power amplifier. This means that in the 3-pulse sequence we experience a certain amount

of ‘deadtime’, in the most crucial region of the data, when the pulses overlap.

A solution to this problem is provided by the deadtime free ‘4-pulse’ variant of the DEER
experiment, shown in panel (b). Now, in the probe channel, the 7/2 pulse is replaced

by a Hahn echo sequence, which sets up an echo at time 27 after the initial 7 /2-pulse.
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At the time the echo is formed, coherence is refocused and, instead of the 7/2-pulse, we
can use this as our 7' = 0 point. This allows us to measure the T" = 0 region without
any distortion of the signal. The disadvantage of the sequence is that it is longer, such
that the final echo is weaker, which is a problem for samples with short phase memory

times.

Now, we have so far based our discussion on the assumption that spins A and B have
well-defined frequencies, to which we tune v; and vo. However, as was discussed in
section 5.1, this is not the case for our Cr7Ni-Cr7Ni dimers. Instead, what we have is a
distribution of randomly oriented dimers comprising two rings with uniaxial g-tensors.
Panel (c) shows the corresponding distribution of resonant frequencies for 1A, whose
g-tensor has principal components [1.791 1.791 1.739] and H-strain = 253 MHz. At a
given By, a higher g-value corresponds to a higher resonant frequency, therefore higher
frequency pulses excite rings oriented such that the largest component of By lies in the
plane of the ring (we will refer to these as equatorial rings). Conversely, lower frequency
pulses excite rings oriented such that the largest component of By lies parallel to the
ring’s anisotropy axis (we will call these axial rings). Panel (d) illustrates the orientations

selected by the three example pulses shown in panel (c).

In a dimer, we assume that, while not identical due to flexibility of the linker, the
orientations of the two rings are reasonably well correlated. Therefore, we choose our
frequencies v; and v to be closely spaced (11 — vo = 80 MHz) with respect to the total
width of the spectrum, aiming to increase the probability of ‘pumping’ spin B once the
probe spin, A, has been chosen. In order to probe different orientational regions, we
tuned v and vy and adjusted By for each experiment. This is because the microwave
resonator is non-linear over the frequency range of the absorption spectrum for a given
By. Three By positions were investigated for each compound. Probe and pump pulse
lengths of 40 ns and 20 ns respectively were used in all experiments. Compounds 1A,
1Bd, 1C and 2A were measured using 4-pulse DEER. Compound 2C was measured
using 3-pulse DEER only. In both cases, a two-step phase cycle was employed, varying
the phase of the initial 7/2-pulse. Due to the shorter T}, times of compounds 1D and 2B,

they were measured using both 3-pulse and 4-pulse DEER. In these cases, the 4-pulse
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DEER trace was recorded with a very short acquisition window in order to reconstruct
the T' = 0 region, without reducing the echo height too much. The two traces were then

‘stitched’ together by the method proposed by Lovett et al. [148].

All data were analysed using the DeerAnalysis package, designed by Jeschke et al. [149].
Using this package, the data were smoothed, corrected for the homogeneous background
dipolar interactions and filtered to remove proton ESEEM. Figure 5.4 shows the raw
DEER trace for compound 1A in the lowest field position, with the background fit. From
this we see that the background correction is small, as was the case for all compounds.
This is a result of the dilution of the the sample. The more rapid decay in the oscillation
is due to inhomogeneity in the interaction strength between the two excited spins. All
subsequent data are presented post-smoothing and post-background correction. Data

are, for comparison, presented both with and without filtering of the H-ESEEM.
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FIGURE 5.4: Smoothed DEER data (dark blue line) for the compound 1A, recorded
with By = 377.8 mT, a probe frequency, ;1 = 9.5632 GHz and a pump frequency,
vy = 9.4832 GHz. The v; pulse was of length 40 ns (with power tuned to give either
a 7/2- or 7- pulse) and the pump pulse was of length 24 ns. The red line shows the
background fit which accounts for an exponential decay as a result of a homogeneous
background distribution of dipolar couplings.

5.5 DEER Results and Interpretation

Figure 5.5 shows the resulting data for compound 1A. The left hand panel plots the
integrated intensity of the final echo as a function of the time 7", at which the pump pulse
is applied. Data are plotted both before (open circles) and after (line) a frequency filter

is applied to remove proton ESEEM. The right hand panel plots the Fourier transform of
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these data. In the upper two traces, the peak corresponding to proton ESEEM is clearly
visible at v = 17 MHz in the unfiltered, Fourier transformed data. The central spherical

intensity maps indicate the range of orientations excited by a pulse of frequency vq, at

each By.
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FIGURE 5.5: DEER data for the compound 1A, in all cases recorded with a probe
frequency, 1 = 9.5632 GHz and pump frequency, vo = 9.4832 GHz, such that the
separation of the two was 0.08 GHz. All v; pulses were of length 40 ns (with power
tuned to give either a 7/2- or 7- pulse) and the pump pulse was of length 24 ns.
Data was recorded in three field positions: By = 390.8 mT (blue), By = 385.8 mT
(pink) and By = 377.8 mT (orange), to examine different orientational populations,
illustrated by the intensity map spheres, which show intensity excited by a pulse of
frequency ry. Circles show data after smoothing and correcting for a homogenous
background interaction, inducing an exponential decay in the signal. Lines show data
after the additional application of a filter to remove the unwanted contribution of proton
ESEEM at v = 17 MHz. Time traces are shown on the left hand side with the Fourier
transformed data on the right.

We see that there is a clear dependence of the DEER signal on applied By, or rather
the selected orientation subpopulation. This is due to a number of factors. Firstly, the
strength of the coupling between spins A and B in a given molecule is dependent upon
the orientation, @ of the axis joining them with respect to By. This varies as (3cos?6—1),
therefore we expect the frequency of signal oscillation in the DEER trace to be dependent

upon By, with no oscillation at all close to the ‘magic angle’: 6 ~ 54° [92]. Secondly, the
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number of A spins excited by the probe sequence is proportional to the concentration
of spins in that orientational region. The population of rings with anisotropy axis at
angle 0 to By varies as sinfl, therefore we expect a stronger signal and lower signal to
noise when we probe at a lower By, such that we excite more equatorial rings. A further
contribution results from variation in the fraction of B spins, Fp, excited for a chosen
subpopulation of A spins. The higher this fraction, the greater the modulation depth of

the oscillation in our DEER trace.

At By = 377.8 mT, we see a clearly observable oscillation of approximate period 1.6 us in
the time domain signal, corresponding to a well-defined peak in the Fourier transform, at
v &~ 6.2 MHz. At this field, as shown by the intensity map, we excite mainly equatorial
rings, such that we have maximal signal to noise. We also maximise the modulation
depth. This is because we choose equatorial A spins, such that any deviation from
the equatorial orientation reduces the resonant frequency of the corresponding B spin.
Therefore, by pumping with a lower frequency, we capture B spins with orientational
deviation from that of the A spin in any direction. This helps to optimise Fg, thereby
enhancing the modulation depth. We note that the first minimum in the oscillation
occurs at a time T = 0.08 us. This is the time required for the phase of the A spin
to be adjusted by 7 under the influence of the inverted spin B. It corresponds to the
time required for implementation of a two qubit gate and lies perfectly between the

compound’s Ty, = 0.8 us and the single qubit manipulation time of 10 ns.

At By = 385.8 mT, we excite a broad distribution of rings joined by an axis at an
intermediate angle between directions parallel and perpendicular to the applied By.
Therefore, the corresponding distribution of interaction strengths is broad and a large
proportion of the dimers excited are oriented close to the magic angle, such that they
do not show oscillation in the time trace. This results in the absence of a well defined

peak in the Fourier transformed data.

The data recorded at By = 390.8 mT do not show well defined oscillation. This is for
reasons converse to those that gave us such a strong oscillation at By = 377.8 mT. At
By = 390.8 mT, we excite rings that are close to axial, such that firstly, the absolute

population excited is small and signal to noise is poor. Secondly, in order for the pump
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pulse, at lower frequency than the probe, to excite the B spins corresponding to the
chosen A spins, we require them to have a lower g-value, or rather to be ‘more axial’
than the A spins. This is unlikely, given that the probe is already approaching the edge

of the spectrum, therefore Fy is very low, and we do not observe an oscillation.
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FicUure 5.6: DEER data for the compound 2A, in all cases recorded with a probe

frequency, 1 = 9.5260 GHz and pump frequency, vo = 9.4460 GHz, such that the

separation of the two was again 0.08 GHz. All experimental details are as given for
figure 5.5 and all plots are analogous.

Figure 5.6 shows the corresponding data for compound 2A. We see that the same trends
as for compound 1A are followed as we move from the data recorded at the lowest By
to that recorded at the highest By. The trace at By = 373.8 mT, probing the most
equatorial rings, shows a well defined oscillation of approximate time period 0.31 us
corresponding to a sharp peak in the Fourier transform at v ~ 3.2 MHz. We note
that this frequency is approximately half that observed for compound 1A, indicating an
approximately two times weaker magnetic interaction strength. This can be attributed
largely to the greater ring-ring separation in compound 2A; 2A has a Ni-Ni separation
of 1.89 nm compared to the ring centroid separation of 1.64 nm in compound 1A and

in the point dipole approximation, the dipolar interaction strength varies as the inverse
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cube of spin separation (equation 4.2). As was the case for compound 1A, the two qubit
gate time, 0.16 us, lies between the compound’s Ty, = 0.61 us and that taken to perform
a single qubit manipulation. However, in this case, Ty, is approximately 4 times the two
qubit gate time, rather than 10, as was the case for 1A, such that the coherence time

would be more limiting in the implementation of quantum algorithms.

The same trends were observed in the data for all other compounds, and the two qubit
gate times, as taken from the lower field traces, are presented in table 5.3, along with the
measured Ty, times and the ratio of Ty, to the two qubit gate time, for comparison. We
see that compounds in group 1 in general offer longer T, times and shorter two qubit
gate times. In particular, compounds 1Bd and 1C offer excellent ratios of 39 and 31
respectively, making them eminently suitable for the implementation of two qubit gates.

TABLE 5.3: Comparison of phase memory time, Ty,, as presented in table 5.2 and
two-qubit gate time, as determined from the first minimum in the lowest field DEER
trace, at T = 2.5 K. Bracketed distances give the separation of the Cr;Ni ring centroids
for 1A, 1Bd, 1C and 1D and the Ni-Ni distances for compounds 2A, 2B and 2C.

Compound T (us)  Two qubit gate (us) Tw/Two qubit gate

1A (1.64nm)  0.801 0.080 10.0
1Bd (1.64 nm)  3.24 0.084 38.6
1C (1.64 nm)  2.442 0.080 30.5
1D (250 nm)  0.543 0.232 2.3
2A (1.89 nm)  0.608 0.157 3.8
2B (2.71 nm)  0.683 0.400 1.7
2C (3.07nm)  0.54 0.550 1.0

5.6 Outlook

Now that we have identified compounds which obey the hierarchy of timescales required
for the implementation of two qubit gates, we ask how one could proceed towards the
implementation itself, specifically the entanglement of the two spins’ states. Firstly, a
significant advantage could be gained by moving to work at Q- rather than X-band. If
we were to move from working at 7' = 2.5 K at X-band to 7' = 2.5 K at Q-band, we
would enhance the initial population excess in the lower energy state for a given spin from

~ 8.5 % to ~ 29.4 %. This would enhance both the signal strength and the purity of any
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FIGURE 5.7: (a) illustrates the adapted four pulse DEER sequence proposed for use
in the formation of an entangled state. The v pulse (green) is stepped along the time
axis, increasing 7', to modify the phase difference of the spin A states coupled to the up
and down components of spin B. (b) shows the Q-band ESR absorption spectrum as a
function of frequency, for a system with axial g-tensor ([1.79, 1.79, 1.74]) and 250 MHz
isotropic. Example excitation pulse profiles are shown in blue, pink and orange. (d)
provides a visual representation of the ring orientations, relative to a vertical By, which,
due to g-anisotropy, H-strain and population differences, are excited by each example
pulse. The north pole corresponds to rings whose anisotropy axes are aligned with By.
Red indicates high excitation and blue, low.
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resulting state formed [36, 38]. Working at Q-band would also provide a greater degree
of orientational selectivity. Figure 5.7(b) shows the distribution of resonant frequencies
for 1A, whose g-tensor has principal components [1.791 1.791 1.739] and H-strain =
253 MHz. We see a greater degree of structure compared with the X-band spectrum
shown in figure 5.3 and the corresponding spherical intensity maps for the pulses marked
(panel (c)) illustrate the narrower range of orientations excited by a given pulse at Q-
band. This would result in a narrower range of interaction strengths between the selected

spins, slowing the decay of the observed oscillations.

1) cos(0/2)[1) + e%sin(8/2)|1)
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FIGURE 5.8: Visualisation of a two level system of states | 1) and | |) on the Bloch
sphere.

We turn now to consider the pulse sequence itself, shown by figure 5.7(a). This is very
similar to the 4-pulse DEER sequence in figure 5.3, with the only difference that the
‘pump’ pulse, previously a w-pulse, is now replaced by a 7/2-pulse. The effect of this
can be considered as follows, if we assume an initial state in which both spin A (red
channel, resonant frequency v;) and spin B (green channel, resonant frequency ;) are

in the lower energy spin ‘up’ state, so aligned with By, then

[¥) =[Pl 1)B- (5.2)

Application of a m/2-pulse in the y-direction (as defined by figure 5.8) then ‘tips’ spin

A into a superposition state:

1

) = == (I 1)+ 1)al DB. (5-3)

S

2
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After the application of one m-pulse in the y-direction, which acts to invert the phase,

we have

1

) 7

(1) = 18)al ., (5-4)

and after the second m-pulse, we return to the state described by equation 5.3. However,
if we apply the additional 7/2-pulse at v, this is no longer the case. This acts to place

spin B in a superposition state such that, at the time of application, we have:

9) =211~ 1 Dall 1+ Do (55)

This can alternatively be written as

9) = 21— | Dal s+ 5 (1) — 1 1)l D (56)

Now, as was discussed in the context of the DEER experiment, the state of spin B
controls the rate of precession of spin A. Therefore the A states in equation 5.6 will
accumulate a phase difference, dependent upon the time for which their corresponding
B spins are in different states. This will correspond to the phase accumulated over time
T, given that this is the time for which precession rates are asymmetric about the time
at which the v m-pulse refocussing pulse is applied. If 7" is chosen such that the phase

difference accumulated in this time is 7, the resulting final state is

9) = 211+ 1 Dal s+ 5 (1) — 1 1)l Do (57)

Now, we have adjusted the state of qubit A dependent upon the state of qubit B, such
that the final state given by equation 5.7 is inseparable. We have formed an entangled
state. Application of a further v; 7/2-pulse in the y-direction would then convert this

into one of the famous Bell states,
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1

¥) 7

(Ihal s+ 1)al 1)) (5-8)

such that we had conditionally inverted the state of spin A dependent upon the state of
spin B. This is known as a CNOT gate [1].

5.7 Conclusions

In conclusion, we have explored two groups of CryNi-Cr;Ni ring dimers: those threaded
on rigid axles (‘rotaxanes’) and those linked chemically. To be useful in the implemen-
tation of a two qubit gate, we require a dimer to have a long phase memory time, a
short single qubit manipulation time and an intermediate two qubit gate time, governed
by the strength of the magnetic interaction between the two spins. The phase memory
times of all dimers were measured in a Hahn echo experiment and the two qubit gate
times were estimated using the two frequency ESR technique, double electron-electron
resonance. It was found that, at T' = 2.5 K, the rotaxanes in particular showed times
which obeyed this hierarchy of timescales, with phase memory times up to ~ 39 times
longer than the two qubit gate time and two qubit gate times ~ 8 times the single qubit
manipulation time. It was found that the effects of the magnetic interaction between

the spins were most clearly observable when probing rings in an equatorial orientation.

The last part of this chapter discussed how the work might be advanced. Suggestions
have been made: firstly, to work at higher field and frequency, in order to enhance
both state purity and the degree of orientational selectivity that we have; secondly, an
‘adapted DEER’ pulse sequence, which would enable entanglement of the two spins in

a dimer and the implementation of a CNOT gate, was proposed.






Chapter 6

The Issue of Alignment:
Cr7ZnQGasZn and Mn:ZnO

6.1 Introduction

When, in 2001, Loss et al. presented a scheme utilising the ESR of MNMs to perform
Grover’s algorithm with an efficiency greater than that permitted classically, the field
of MNMs for QIP was born [47]. The proposal utilises the high spin and large negative
anisotropy of MNMs, with a unit of memory consisting of a single MNM rather than
multiple two level systems. A high static magnetic field is applied and subsequently
reduced, in order to initialise a majority population in the lowest energy levels. This is
followed by application of a microwave pulse of discrete frequency spectrum, tuned to
the allowed transitions of the MINM, which forms simultaneous coherences between the
lowest and each upper energy level thereby allowing simultaneous queries. Further to
this, although not specifically referencing MNMs, there has been a number of studies,
both experimental and theoretical, which exploit computational units of greater than
two energy levels [150-156]. These have presented situations in which use of a higher
dimensional Hilbert space can both enhance security and reduce the required number of
quantum gates. The aim of this chapter is to explore the use of MNMs of ground state
spin, S > 1/2 as units for QIP, within the experimental constraints of our pulsed ESR
System.

87
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Work in previous chapters has focused entirely on CryM rings of spin S = 1/2, for
which, regardless of orientation, there is only one transition excitable using ESR: mg =
—1/2 : mg = 1/2. It has therefore been possible to measure these in frozen solution,
with rings of every orientation, diluted such that ring-to-ring dipolar interactions are
negligible. As we move to spins S > 1/2, this is no longer possible, with anisotropic
terms in the Hamiltonian introducing a dependence of accessible transitions upon the
ring’s orientation with respect to By. In order to exploit these compounds, we must,
with a given pulse, be able to excite the same transition on every ring. We therefore
require an oriented ensemble. The obvious way to obtain this is to measure the rings
as a single crystal, however, we would then lose the advantage of dilution and the
decoherence induced by inter-ring dipolar interactions would be crippling. Previous
attempts to overcome this issue have applied a strong static magnetic field in order to
quench electron spin flip-flop relaxation [157, 158]. The work in the first half of this
chapter takes an alternative approach, with measurements performed on a single crystal
in which the S = 3/2 rings Cr7Zn dope the isostructural, diamagnetic host GazZn.
These comprise the first ever coherent manipulations of such a dilute oriented ensemble

of MNMs.

Once we have our dilute oriented ensemble of rings, we want to manipulate our spins
within the resulting ladder of states. In order to explore this in the first instance, we
take a test system, the Mn defect in ZnO, which forms a fully oriented dilute ensemble,
with the large electron spin, S = 5/2 coupled to a large nuclear spin, I = 5/2. The
spin shows a negative anisotropy, lifting transition degeneracies, and a rich landscape
of transitions excitable with ESR. Furthermore, Mn:ZnO shows long electron coherence
times, reaching T ~ 50 us at T' = 50 K, making it an ideal candidate for pulse sequence
development [42]. The work presented in the second half of this chapter aims to identify
a suitable three level system within the level structure of Mn:ZnO, manipulating spins
across all three levels. It is hoped that this will in future, be transferrable to MNM

based systems.

The chapter begins by introducing details of the Cr;Zn@QGa;Zn crystal, moving on to

present nutation data. This is based on work already published [159]. We then turn to
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the Mn:ZnO system, discussing first the structure of its energy levels and the identifi-
cation of its transitions. Finally, a new pulse sequence and resulting data are presented
for a subset of three levels, with manipulations performed across all three. We explore a
way to initialise the system, alternative to that presented in the original paper of Loss et
al., via formation of a pseudopure state. Cr;Zn@Ga;Zn was synthesised by Dr Grigore
Timco at the University of Manchester. Alignment and initial CW and relaxation mea-
surements were performed by Dr Fabrizio Moro at the University of Manchester. Sample
simulation, nutation experiments and subsequent analysis are my own. All simulation,
measurement and analysis presented on Mn:ZnO are entirely my own. The sample was

purchased from MTI Corporation and cut to the appropriate size by Bob Watkins.

6.2 Cr;Zn doped Ga;Zn

6.2.1 Sample

FIGURE 6.1: Unit cell of Cr;Zn@QGa;Zn viewed down the crystal ¢ axis. The coloured
balls represent Ga/Cr/Zn (green), F (yellow), O (red), N (blue), C (black). Methyl
groups are omitted for clarity.

Cr7Zn@Ga;Zn crystallises in the tetragonal 14 space group, with the molecules lying on
the C4 axis such that all rings lie in the crystal ab plane. Figure 6.1 shows the unit

cell, viewed down the crystal ¢ axis. The metal ions in each ring form a planar octagon
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and, as in previous chapters, each is bridged to its neighbour by a fluoride and two
pivalate ligands. The resulting negative charge on the ring is neutralised by templating
around a MegNHSr cation. The crystal comprises 0.3% Cr;Zn by mass, doped into the
isostructural and diamagnetic host, Ga;Zn. CW measurements confirmed that there
was no scrambling of Cr3t and Ga3*. Antiferromagnetic exchange between magnetic
ions in the ring and the zero spin of the Zn?* ion, give Cr;Zn a ground state spin of

S = 3/2. This is, in the GSA, described by the Hamiltonian

H=DS2+E(S;—5;)+usBo-g-5, (6.1)

where D = —12.6 GHz, £ = 1.46 GHz, g = 1.96. The principal direction of the ZFS

tensor is normal to the CryZn plane.
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FIGURE 6.2: ESR transition intensity for CryZn (as described by equation 6.1) as a
function of By and its angle, 6 to the anisotropy axis of the crystal. Calculated for
microwave frequency v = 9.5 GHz. Darker shades indicate a greater intensity. The red
arrow points to the position in which nutation experiments were performed.
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Crystals were mounted to allow ESR measurement in the crystal bc plane. The b and ¢
axes (defined here as # = 90° and § = 0°, respectively) can then be identified from turn-
ing points in the allowed ESR resonances, mapped as a function of # and By (figure 6.2).
The coplanarity of the rings in the unit cell means there is only one magnetically distinct
molecule when By is parallel to ¢ (also the molecular z direction). However, because
the Zn ion is disordered over all sites of the Cr7Zn octagon, when By is applied at finite
angle, 6 to c, this is no longer the case. By symmetry, if ¢ is the projection of By onto
the molecular xzy plane, there are distinct magnetic orientations corresponding to ¥,
¥+ 45°, 1 + 90° and v + 135°. Therefore, at finite 6, we should observe four sets of
resonances from distinct molecules in the bc plane, which collapse onto a single set at
0 = 0°. The effect of these distinct orientations is illustrated by figure 6.3, which shows

the simulated energy level structure for § = 8° and 6 = 90°, with ¢ = 16°.
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FIGURE 6.3: Simulated energy level structures for the S = 3/2 ground state of Cr;Zn,
as a function of applied magnetic field, By, applied at angles (a) 8 and (b) 90° to the
anisotropy axis. Calculated for microwave frequency, v = 9.5 GHz. Different colours
represent the four distinct molecular orientations.

6.2.2 ESR Measurements and Results

Preliminary measurements showed that the crystal was sufficiently dilute that spin
echoes were observable below T' ~ 8 K via the standard Hahn echo sequence (chap-
ter 1), showing phase memory times of up to 1.5 us at 7' = 2.5 K. Further to this,
nutation experiments were carried out on the Cr7Zn@QGay;Zn single crystal, in order to

prove that coherent spin manipulations are possible. In this experiment, a nutation
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pulse of duration ¢, tips the magnetisation through an angle gupBit,/h, followed by
a two-pulse detection sequence (figure 6.4 with a four-step phase cycle). The echo in-
tensity, quantifying the z-component of the magnetisation after the nutation pulse, is
measured as a function of ¢,. This experiment sets up a coherent oscillation between
the two states, corresponding to the generation of arbitrary superpositions, observed
as oscillation of the echo intensity as a function of ¢,. These are sometimes described
as Rabi oscillations, although this is only strictly correct when the pulse bandwidth
substantially exceeds the ESR linewidth, such that all spin packets rotate together.

@ 2200 gy ©®

(3”’)8111(9/2)‘1> —> ﬁtp /2 «w Echo
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FIGURE 6.4: Pulse sequence used to perform nutation experiments. The first pulse
((b) green) tips the magnetisation by angle 6 ((a) green), dependent upon the length
of the pulse. The 7/2 — 7 — 7 — 7 — echo ((b) red) measures the z component of the
magnetisation after the nutation pulse.

We selected the highest-field and most isolated transition for ¢ || By, with By = 1160 mT,
corresponding to the nominally mg = 4+1/2 to +3/2 transition with frequency 9.77 GHz.
We find oscillations in the echo amplitude as a function of ¢, (figure 6.5; T" = 256 ns
and the 7/2- and m-pulses are optimised for the power). The oscillation frequency is
proportional to the square root of the applied microwave power (i.e. to the amplitude
of the microwave field Bj; figure 6.6), demonstrating that we are observing coherent
electron spin oscillations rather than other phenomena such as ESEEM. The excitation
bandwidth in this experiment is narrow compared to the inhomogeneous broadening of
the line, leading to a nutation envelope that depends on oscillation number rather than

time.

It has been noted in previous nutation experiments on MNMs in frozen solution that
the distribution in molecular orientations being excited (each with a different nutation
frequency) contributes to premature damping of the oscillations before the limits placed

by T [160-162]. This factor is removed in the present single crystal experiments and
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FIGURE 6.5: Left: nutation experiment at T' = 4.5 K measured at By = 1160 mT with
¢ || Bo, for a range of attenuation settings (marked). Right: Fourier transforms of the
nutations.
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FIGURE 6.6: Nutation frequency as a function of the square root of applied microwave
power relative to that when a high power attenuation of 26 dB is applied (black circles;
measured at By = 1160 mT and ¢ || By at T = 4.5 K). Error bars are derived from
the full width at half maximum of the corresponding peaks in the Fourier transformed
data (figure 6.5). The linear least squares fit (red line) was constrained to go through
the origin.
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limiting factors may instead include D-strain and/or crystal mosaicity, with analogous

effects.

6.3 ZnO

6.3.1 Sample

Zn(I1)O (referred to as ZnO) is a semiconductor, which can have either a cubic or
hexagonal crystal structure [163]. The sample used presently is of the latter type, known
as ‘wurtzite’, with each cation surrounded by four anions at the corners of a tetrahedron.
It contains Mn as a naturally occurring impurity, with Mn?* ions replacing non magnetic
Zn** ions at cation sites. Such sites are identical, therefore our Mn?* ions are perfectly
aligned, with the molecular z axis coinciding with the crystal ¢ axis. They have an
electron spin S = 5/2 coupled to a nuclear spin I = 5/2 and are described by the spin

Hamiltonian

H:DS'§+;LBBO~g'S+uNB0-gN-I+S-A-I, (6.2)

where D = —705 MHz. The principal components of the three tensors are g = 1.998,
g1 =2.000, Ay =222 MHz, A} =220 MHz and gy | = gn,1L = 7.54x10~4, where | and
1 refer to directions parallel and perpendicular to the molecular z axis, respectively [164].
The third term represents the nuclear Zeeman energy and the final term, the hyperfine
coupling. In contrast to the case of the N spin in chapter 4, the hyperfine coupling
shows slight anisotropy such that there is a slight energetic preference for the electron
and nuclear spins to be antiparallel along the crystal anisotropy axis. Higher order terms,
such as nuclear quadrupole and fourth order electron spin anisotropy, have previously
been detected however they are small and irrelevant for the work discussed in this chapter
therefore are omitted. All data presented here were taken on a sample of dimensions
5.0 x 2.5 x 0.22 mm. The crystal c-axis coincides with the smallest of these. The sample

was mounted, using a small quantity of vacuum grease, on the flat surface of a quartz
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c-axisT l022mm

FIGURE 6.7: Schematic showing the ZnO sample (black) mounted onto the flat surface
of a quartz rod (grey). Upper: orientation with By || ¢. Lower: By in ac-plane. The
curved red arrow marks the direction of rotation of the sample.

rod such that it could be conveniently rotated in the crystal ac plane (figure 6.7). Both

of its faces were polished.

The rich landscape of ESR transitions that ZnO provides is illustrated by figure 6.8.
Turning points in this structure are used to align the sample within the ac-plane. We
note how, as we move away from the principal axes, the transitions move closer to each

other in field.

6.3.2 Identifying a Three Level System

In order to explore manipulation over three energy levels, we must first identify a suitable
subsystem within the ZnO landscape. As shown by figure 6.9, we require two transitions
of frequencies vy, 1o, with one energy level in common. In addition, we must be able to
excite both these transitions using ESR. This relies upon both transitions having a non-
zero matrix element and both frequencies falling within the bandwidth of our resonator.
When overdamped (@ ~ 150), the resonator used in this study has a bandwidth Av ~

65 MHz, which, for a ¢ = 2 spin, corresponds to ABy ~ 2.3 mT.

o

Figure 6.10(a) shows the energy level structure at § = 0°. We see six main groups
of energy levels, corresponding to the different mg states. These are further split into
different my states. Allowed ESR transitions, for all of which Amj; = 0 at this angle,
are marked. In the corresponding EFS (figure 6.10(b)), these are all clearly observable.
This means identification of two transitions with one level in common, is simple: we
choose any three electron spin states, with mg changing by one from one to the next,

for example, mg = 1/2, 3/2, 5/2, for a given mj;. The problem is, however, that the

resulting v; and v, are too far apart to fit within the bandwidth of the cavity. For



Chapter 6. The Issue of Alignment: Cr;ZnQGa7;Zn and Mn:ZnO 96

/2

/4

-m/4 |

-m/2
0.2

FIGURE 6.8: ESR transition intensity for Mn:ZnO (as described by equation 6.2) as
a function of By and its angle,  to the anisotropy axis of the crystal. Calculated for
microwave frequency, v = 9.5 GHz. Darker shades indicate a greater intensity.
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FIGURE 6.9: Three level system, with two transitions of frequencies vy, vs.

example, if we take m; = —5/2 and mg = —5/2,-3/2,—1/2, for v, = 9.722 GHz, we
require v = 11.949 GHz, such that the required bandwidth, Avy.q = 2.227 GHz is

orders of magnitude greater than that we have.

As a potential solution to this problem, we rotate the sample away from By || ¢ in order
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FIGURE 6.10: (a) Simulated energy level structure and (b) EFS, as a function of By,
parallel to the anisotropy axis, for the S = 5/2 electron spin coupled to the I = 5/2
nuclear spin of Mn:ZnO. EFS recorded at T' = 50 K, with v = 9.722 GHz, and a w-pulse
of length 32 ns. Coloured lines mark allowed magnetic dipole transitions.

to exploit the greater proximity of transitions. Figure 6.11 shows the EFS at 6 = 45°,
recorded using the same experimental parameters as figure 6.10(a). We see that there is
a high density of transitions, such that it is impossible, by eye, to pick out for any given
one, the changes in mg and mj. At this angle, we now see the effects of state mixing,
such that mg is no longer a good quantum number and observe ‘forbidden’ transitions,
for example Amg = £2, Am; = +1. The dense structure means that we are more likely

to find three levels which satisfy our constraints, however, finding them is difficult.

The method devised to overcome this problem, we refer to as the ‘echo kill’ experiment,
and it is illustrated by figure 6.12. Rather than attempting to identify and choose two

appropriate transitions from the EFS, we choose just one strong transition. We then
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FIGURE 6.11: (a) EFS, as a function of applied magnetic field, By, with v; =
9.722 GHz, and a m-pulse length of 32 ns, and (b) Echo Kill experiment (as detailed
in figure 6.12, with ¢, = 200 ns, and v, varied) as a function of frequency separa-
tion (1 — 1»), for the S = 5/2 electron spin coupled to the I = 5/2 nuclear spin of
Mn:ZnO. Both spectra were recorded at T' = 50 K, with By at an angle of § = 45° to
the anisotropy axis. The red and green arrows mark 17 and the v value chosen for
subsequent experiments, respectively.

tune By such that it is excited by microwave frequency vy, and set up a tuned Hahn
echo on the transition, shown in red. The next step is to apply a second pulse (green) of
fixed length, reminiscent of that used in the DEER experiments of chapter 5. However,
the experiment here is fundamentally different in that we are aiming to excite an upper
transition on the same spin rather than to address a second one. By varying the pulse’s
frequency, we are now able to test the whole range of available transitions. If we find one
that has an energy level in common with the transition at v;, we expect that population
will be moved from FEs to E3. This should be observed as a dip in echo intensity as a

function of s, i.e. a ‘killing’ of the echo.
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FIGURE 6.12: Schematic showing the ‘echo kill’ sequence. The unknown frequency, v
(green) is varied, such that we search the range of possible F3 values, marked left in
grey. If a third level satisfying the necessary criteria (discussed in the text) is found,
the intensity of the observed echo (red) at vy decreases.

The transition chosen at § = 45° is marked with a red arrow on figure 6.11(a) and
the results of the echo kill experiment are shown in figure 6.11(b). We note firstly the
dip at v1 — v9 = 0. This corresponds to both channels, red and green, acting on the
FE1, E5 transition, such that the second pulse reduces population in the superposition
state. There is also, however, a second peak, at distinct v5. We conclude from our
observations that, at this frequency, we have moved population from FEs to Fs3, which
reduces the original echo intensity, and forms a coherence between Fs and E3. We
have therefore identified a three level system which appears to satisfy all of our original
constraints. The only issue, however, is that we do not know to which states these levels

correspond.

Attempts were made to compare the § = 45° data to the simulated EFS, which would
allow state identification, however, the density of lines was such that it was not possible
to match them up. Furthermore, due to the different frequencies of precession, altering
either the power or duration of the applied microwave pulses in the Hahn sequence,
increases and decreases the amplitudes of different lines. This points to the possibility
that not all allowed transitions are even excited in the observed ESR spectrum. One
must also consider sensitivity of the spectrum to error in alignment. As discussed earlier,
the sample was mounted onto the flat surface of a quartz rod, such that the rotation
axis was perpendicular to the ac-plane. The error in this, corresponding to the how
close to vertical the rod could be inserted, owing to slight freedom of the rod to move,
was approximately 2 degrees. By was aligned with the c-axis by identification of the

relevant turning points with respect to €. Error in this was approximately one degree,
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corresponding to difficulty in identification of the turning point. Intermediate angles
were found through use of a goniometer. Error in rotation from the ‘chosen’ c-axis
position was 0.5 degrees, constrained by accuracy of the goniometer. It was found that
the combination of these errors and sensitivity to small changes in power resulting from a
slightly altered Q-factor, meant that intermediate angle EFS spectra were not repeatable
from session to session. It was, however, on all occasions possible to identify some three

level system satisfying our constraints.

It was thought that an alternative way to identify transition character, could be to per-
form a nutation experiment at some power, as discussed in section 6.2.2, on a given
transition and to use the nutation frequency to identify between which states the tran-
sition had occurred and to allow us to pick out the desired first transition. This proved
highly effective at § = 0°, with each group of transitions (marked in figure 6.10) ex-
hibiting a distinct nutation frequency. However, there was no correspondence between
these frequencies and those observed in nutation experiments performed at 6 = 45°.
Without a clear expectation of the nutation frequency for each transition type, of which

at intermediate angles there are many, this is not a viable method.

6.3.3 Upper Level Nutation Experiments
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FIGURE 6.13: Schematic showing the upper level nutation sequence. The length of the
vy pulse (green), ¢, is incremented, such that we perform coherent oscillations between
E5 and F5. This is observed via an oscillation in the intensity of the observed echo
(red).
Now that we have a suitable three level system from the ZnO landscape, we want to

perform manipulations within it. Earlier in the chapter, we proved the possibility of co-

herent manipulation of Cr;Zn by performing nutation experiments on a given transition.
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Analogous to this, we will aim to use nutation experiments to prove the possibility of co-
herent manipulation up to the third level in our trio of states. All experiments presented
in this section were taken in the § = 45° position of figure 6.11. The pulse sequence we
will use, similar to that in the ‘echo kill’ experiment, is illustrated by figure 6.13. As
before, a Hahn echo is tuned at vq, and a pulse at v5 is added after the initial 7/2-pulse.
This is chosen to correspond to the dip at non-zero vy — 15 in our echo kill spectrum,
marked in figure 6.11(b) by a green arrow. Then, rather than sweeping the frequency
of this pulse, we increase its length and observe, as a function of this, the intensity of
the echo on the vy transition. Note that in contrast to the nutation experiments of
section 6.2.2, we are now using an indirect method of detection, measuring coherence

on the Fy, F» transition to prove nutation between Es and Ej5.

Real |

—— Im

0 ey Ty ey

0 400 800
Nutation Pulse, T’ ) (ns)

FIGURE 6.14: Real (red) and imaginary (blue) channel results of an upper level nuta-
tion experiment (illustrated by figure 6.13) measured at T' = 50 K, with By = 376.8 mT
and 0 = 45°. v; = 9.722 GHz, v, = 9.650 GHz, length of v; m-pulse = 144 ns and
7 = 2000 ns.

Figure 6.14 shows the result of this experiment. We see clear oscillations, much like those
obtained in section 6.2.2. Both real and imaginary components of the signal are plotted
in order to verify that the result is not merely a ‘Bloch-Siegert shift’: a change in phase
resulting from a small shift in resonance frequency, which can sometimes be induced by
an off resonance pulse [92]. Given that oscillation is visible only in the real channel, we

conclude that this is not the case and that we do in fact have a changing population.
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With our v» pulse, we perform coherent manipulations between Es and Ej3, generating
arbitrary superposition states. This is observed firstly as a dip in the original echo and,
after a m pulse on 1, the echo’s gradual restoration. The cycle then continues. This
was observed regardless of whether the pulses at v; and 5 were triggered coherently,

i.e. whether they began with the same phase relation for every measurement shot.

11

10

ESE (a.u.)
FT Amplitude (a.u.)

0 200 400 600 800 1000 0 2 4 6 8 10
Nutation Pulse, T ) (ns) Frequency, v (MHz)

FI1GURE 6.15: Left: upper level nutation experiment at 7' = 50 K, with By = 376.8 mT
and 0 = 45°, for a range of attenuation settings (marked). vy = 9.722 GHz, vy =
9.650 GHz, length of v; m-pulse = 144 ns and 7 = 2000 ns. Right: Fourier transforms

of the nutations.

The next step was to vary the power of the 15 pulse in order to vary the frequency
of nutation. The range chosen was limited largely by possible pulse lengths. Lower
powers resulting in lower nutation frequencies require observation across a larger time

window. This increases the required 7 time in the vy Hahn sequence and consequently
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reduces the signal intensity. The more this is increased, the lower our signal to noise.
Figure 6.15 shows the resulting data, along with the corresponding Fourier transforms.
We see that the nutation frequency does vary with power and figure 6.16 confirms that

the relationship between frequency and Bj is linear.

Nutation Frequency, v (MHz)

210 13 20
P_12/P_12(8 dB)

m

FIGURE 6.16: Upper level nutation frequency as a function of the square root of
applied microwave power relative to that when a high power attenuation of 8 dB is
applied (black circles; measured at T' = 50 K, By = 376.8 mT, 6§ = 45°, length of 14
m-pulse = 144 ns and 7 = 2000 ns). Error bars are derived from the full width at half
maximum of the corresponding peaks in the Fourier transformed data (figure 6.15. The
linear least squares fit (red line) was constrained to go through the origin.

We note that in this case it is difficult to say conclusively whether oscillations decay on a
given timescale or after a fixed number of oscillations, as was the case for Cr7;Zn@QGasZn.
We no longer expect to suffer from significant D-strain and from the effects of crystal mo-
saicity. Therefore, likely dominant sources of oscillation decay include B inhomogeneity

and intrinsic decoherence on the F5y, E3 transition.

6.3.4 Initialisation

An important step, when performing quantum information algorithms is the initialisa-
tion of the system into a known pure state. The paper of Loss et al. proposes the initial
application of a strong magnetic field to force spins into the lowest energy level. Here,
we take a different approach. A highly mixed system can be viewed as the sum of a
fully mixed component and a small pure component. In terms of density matrices, this

is given by
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1—¢€)-
p= wl + €po, (6.3)
where I is the identity matrix, d is the dimensionality of the system (in the present
case, d = 3), po represents the pure component and € is a constant less than one, giving
the fraction of the system in pg. The unitary matrices of ESR manipulations leave the
identity component unchanged, and do not produce effects measurable using ESR. We

therefore ignore this part and assume any observed results are due entirely to pg. This

is known as the ‘pseudo pure approximation’ [36, 165].

If we begin in a thermal state, as has been the case in all our earlier experiments, pg in
equation 6.3 is still a mixed state, with diagonal elements governed by the Boltzmann

distribution:

1 0 0
ppx | 0 1-6 0 - (6.4)
0 0 1—206

where 1 and §o are the thermally induced population differences. This does not fit into
the pseudopure framework. However, if we apply a 7/2 pulse at v5, we can equalise the
populations of the upper two levels. If we then wait long enough that the coherence
between them is destroyed (on the timescale of T for the transition), but not long
enough that the states thermalise (on the timescale of T7), the effect is to form the

state:

1 0 0
po o< | 01— (614 02)/2 0
0 0 1= (51 +62)/2
1 00
_ (1_(51;52)>f+(51;52) 00 o | (6.5)

0 00
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The resulting fully mixed component, proportional to I, is absorbed into the original fully
mixed part and we are left with our pseudopure state, upon which our pulse sequence
acts. The addition of this initialisation step is shown in figure 6.17 for the upper level

nutation experiment.

R y n/2 s Echo
vy 1 1 A
S i1

E x : :

1 < .

T2<Twait<T1 t

Y

FIGURE 6.17: Schematic showing the upper level nutation sequence with initialisation.
An additional 7/2 pulse at v5 (green) is added at time ¢ = 0 to equalise the populations
of Ey and E5. We then wait for time 7ya;; such that the coherence between them is
destroyed but that the populations remain roughly equal. The sequence then proceeds
as before.

—— with 1
without

0 400 800 1200
Nutation Pulse, T ) (ns)

FIGURE 6.18: Results of an upper level nutation experiment with (blue) and without
(red) initialisation of the system (illustrated by figure 6.17). Measured at T = 50 K,
with By = 355.4 mT and 6 = 45°. 1y, = 9.601 GHz, v» = 9.557 GHz, length of 1,
m-pulse = 256 ns and 7 = 2000 nSs. Tyait = 50 s, length of vy 7/2-pulse = 128 ns.

Figure 6.18 shows a comparison of two upper level nutation experiments, with all param-
eters identical expect for the fact that one was recorded with an initialisation pulse and
one without. We see that introduction of this step does not make a significant difference
to the observed signal, however, it does enhance the oscillation amplitude slightly. Fur-
ther enhancement could be achieved by working at a lower temperature such that 7 /T»

were larger [42]. This would allow a longer wait time, such that unwanted coherence
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resulting from the initialisation pulse decayed further, with very little re-thermalisation
of the population. This would, however, require a longer shot repetition such that

experiments were more time consuming.

6.4 Conclusions

In conclusion, we have explored the use of MNMs of spin S > 1/2 for the implementation
of quantum algorithms. We first tackled the issue that in order to be useful, we require
our molecular magnets to be in a dilute oriented ensemble of spins. By doping Cr7Zn
(S = 3/2) into the diamagnetic and isostructural host GazZn, we were able to perform
the first ever coherent manipulations of such a dilute oriented ensemble of MNMs. We
presented nutation data over a range of applied powers, proving the potential of high

spin MNMs to host quantum algorithms requiring manipulation over multiple levels.

We also explored the manipulation of spins across a three level system, using the test
system Mn:ZnO (S = 5/2; I = 5/2). Although identifying the states involved was not
possible, we developed a method to find suitable three level systems within the rich
Mn:ZnO landscape of states. We presented data showing indirectly detected nutation
between the upper two levels over a range of applied powers. In addition, a method for
initialisation of the selected three level system into a pseudopure state was presented
and data showed this to enhance the amplitude of observed upper level nutations. It is
hoped that the developed methods will in future be applied to a dilute oriented ensemble
of MNMs, making a valuable contribution to the field of MNMs for QIP.



Chapter 7

Conclusions

In conclusion, motivated by their potential for use as elements in quantum information
processing, we have explored, using the technique of electron spin resonance, a variety
of compounds based on the class of molecular nanomagnets, CryM. At temperatures
below about T' = 7 K, these rings of antiferromagnetically exchange coupled ions form
a coherent ‘giant’ ground state spin of size dependent upon the choice of M. They offer
long phase memory times (up to 15 us at 1.5 K), chemically tuneable structures, and

identical units on a length scale one could feasibly address with an individual gate.

We began by presenting a study on the effects of replacing H, known to be a dominant
source of decoherence, with deuterium, fluorine or chlorine, in CryNi (S = 1/2) rings.
This was firstly found to be challenging from a synthetic perspective, with the increased
size of the halogens causing instability in some of the resulting compounds in solution.
The decoherence mechanisms of those which were stable were dominated by structural
effects. In particular, the use of fluorine appeared to hinder decoherence driven by
the central templating cation. We concluded that halogenation does not seem to be a

productive strategy for phase memory time extension in Cr7Ni based compounds.

Moving on to tackle the requirement for a scalable architecture, we presented the asym-
metric dimer, NQCgo(py)-CryNi. It was found that measurement of phase memory time
across a range of temperatures for the highly coherent N spin, which is coupled to the

ring via a magnetic dipolar interaction, provided insight into the ring’s spin dynamics.
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We were able to identify three distinct regimes. At high temperature, fluctuations on
the ring are so rapid that the NQCgy appears magnetically disconnected. As these mag-
netic fluctuations begin to slow towards the timescale of the dipolar interaction between
Cr7Ni and the N spin, we see a sharp rise in the decoherence rate of the N spin, peaking
at T ~ 5 K. At the lowest temperatures, a recovery of the relaxation rate reflects the
onset of the ring’s coherent ground state. It was found that the peak in decoherence
rate as a function of temperature was broader in the case of the dimer, reflecting the

broader distributions of dipolar interaction energies experienced by the N spins.

In order to explore their potential for the implementation of two qubit gates, we investi-
gated two groups of CryNi-CryNi dimers: those threaded on a rigid axle (the rotaxanes)
and those linked chemically. Through use of double electron-electron resonance, the
strength of the ring-ring dipolar interaction, governing the two qubit gate time, was es-
timated for each compound. It was found that many exhibited the hierarchy of timescales
required for implementation of a two qubit gate: a short single qubit manipulation time
(~ 10 ns in ESR), intermediate two-qubit gate time and long phase coherence time. The
rotaxanes proved most suitable, with observed ratios of Ty, to two-qubit gate time of
up to 38.9. A possible scheme for the future implementation of a CNOT gate in these

systems was presented.

We finally turned to the potential use of rings of spin, S > 1/2, as was originally
proposed by Loss et al.. In order to exploit the advantage of such spins, their anisotropy
requires that they be aligned. The chapter began by presenting the first ever coherent
measurements on a dilute oriented ensemble of molecular nanomagnets. Nutations were
performed with a range of applied powers on the S = 3/2 ring, CryZn, which had
been doped into the isostructural and diamagnetic host crystal, GayZn. We moved
on to consider the test system, Mn:ZnO, whose anisotropic Mn?T (s = 5/2, I = 5/2)
defect ions offer a rich transition landscape, ideal for pulse sequence development. We
developed the ‘echo kill’ method for identification of a three level subsystem whose
transition frequencies both fall within the cavity bandwidth. Such a subsystem was

then used to perform indirectly detected nutations between the upper two levels over a
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range of applied powers. In addition, a method for initialisation of the subsystem into

a pseudopure state was presented and shown to enhance nutation amplitude.






Appendix A

Chemical Linkers for Cr-Ni-Cr7Ni

Dimers

Figure A.1 shows the structures of the three chemical linkers used in the dimer com-

pounds 2A, 2B and 2C.
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F1cURE A.1: Structures of the chemical linkers L1, L2 and L3 used in the compounds
2A, 2B and 2C, respectively. Synthesised as described in the relevant publication [166].
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