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Abstract

Over the last two decades, much effort has been invested in the develop-
ment of quantum computing technologies, which are anticipated to be useful
both in simulating complex quantum systems and in real-world applications
such as cryptography. While some progress has been made in this area using
physical systems such as trapped ions and superconducting devices, no system
has yet been demonstrated that can be scaled up to a large enough number
of qubits to be useful in most interesting applications. Molecular nanomag-
nets (MNMs) are promising systems for use as quantum bits (qubits) but are
so far comparatively understudied in the context of such applications. Like
any prospective qubits, MNM’s must have a sufficiently long coherence time
(T3) to permit quantum logic operations. In this thesis we use spin-echo tech-
niques to measure 75 in the Cr;Mn MNM and investigate several approaches
to enhance T in this system. Measurements are performed on Cr;Mn samples
diluted in toluene or benzene to concentrations between 107%% and 1%, using
a home-built electron-spin-resonance spectrometer at a range of temperatures
and magnetic fields. We observe an enhancement of 75 near zero magnetic
field, providing strong evidence of an atomic-clock transition, where the de-
pendence of the transition frequency on magnetic field vanishes to first order.
We find that T5 increases with decreasing concentration, at least at the clock
transition. We also find that the rate of decoherence, 1/T5, increases linearly
with temperature, with similar slopes but different vertical intercepts at and
away from the clock transition. Finally, we find that 75 can be enhanced by
using Carr-Purcell-Meiboom-Gill pulse sequences to rephase the spins. These
findings together suggest that both dipolar interactions and phonon mediated
processes are factors limiting the coherence time in Cr;Mn and demonstrate
approaches to mitigate the effects of these sources of decoherence.



Acknowledgments

As in any scientific endeavor, there are so many people who have supported
this project both directly and indirectly, and to whom I am deeply grateful.
I would like to thank my mom, dad and sister for having gotten me this far;
as a home-schooled student for most of my life it is especially true that so
much of what I know is due directly to them and their continuous support and
enthusiasm for my endeavors in physics and math have really kept me moti-
vated. I am also deeply indebted to all my professors, both at Amherst and
at Bowdoin College, who have taught me all I know about physics and whose
enthusiasm has inspired me to pursue physics research. I would like to thank
Brian Crepeau, Jim Kubasek and Misha Coggeshall-Burr, who have provided
invaluable technical support at every stage of the project. And I would like to
thank the group of Professor Richard Winpenny at University of Manchester
for providing all the samples used in this project, and special thanks go to
Grigore Timco for preparing the samples.

I would also like to thank my friends, fellow physics majors, and all those
I have worked with in the lab over the years and especially Michael Cha, who
falls into all three categories and has been fantastic company as we have pur-
sued our theses together on the same equipment. In a similar vein, I am so
grateful to Gajadhar Joshi and Professor Charles Collett, who have not only
taught me so much about this project but have also contributed a tremendous
amount themselves. Moreover, both have been wonderful to work with and
have made my time on this project so fun and rewarding.

Finally I am extremely grateful to Professor Jonathan Friedman for taking
me into his lab three years ago and supporting me all the way through my
thesis. My first summer of research in Professor Friedman’s lab was the per-
fect introduction to physics research and inspired me to keep going and pursue
physics research as a career. He has taught me so much about my project and
about physics in general over the years and I could not have asked for a better



mentor and adviser.

I acknowledge and thank Ambherst College for being a wonderful home for
the last four years and for providing funding for me to work on my thesis
during the summer through the Gregory S. Call fellowship. Thank you also
to the U.S. National Science Foundation for supporting this research through
Grant No. DMR-1708692.

i



Contents

1 Introduction

1.1 Motivation: Quantum Computation . . . . . . . . . ... ...
1.2 Overview of Approaches to Enhancing Coherence Time . . . .
1.3 Molecular Nanomagnets . . . . . . . ... ... ... .....
1.4 Introduction to Atomic-clock Transitions . . . . . . . .. ...
2 Theory
2.1 Magnetic Resonance . . . . .. .. .. ... ... .. ...
2.2 Cr;Mn as an Effective Two-State System . . . . . . ... ...
3 Experimental Apparatus and Techniques
3.1 Physical Property Measurement System . . . . ... ... ..
3.2 Electron Spin Resonance Spectrometer and Sampling Theory .
3.3 SpinkEcho . . ...
3.4 Decoherence . . . . . . . . ...
3.5 Carr-Purcell-Meiboom-Gill . . . . . ... ... ... ... ...
4 Methods
4.1 Sample Preparation . . . . . . ... ...
4.2 Loop-Gap Resonators and Sample Mounting . . . . . . . . ..
4.3 Background Subtraction . . . . ... ... ... ... ... ..
4.4 Spin Echo Measurements . . . . . .. . ... ... ... ....
5 Results and Disucussion
5.1 Dependence of Ty on Magnetic Field . . . . .. ... .. ...
5.2 Dependence of Ty on Sample Dilution . . . . . . ... ... ..
5.3 Dependence of Ty on Solvent Properties . . . ... ... ...
5.4 Dependence of Ty on Temperature . . . . . .. ... ... ..
5.5 Enhancement of Ty with CPMG Pulse Sequences . . . . . . .

1ii

24
25
27
33
37
40

46
46
47
o1
o7



6 Conclusion
7 Appendix A

Bibliography

v

77

82

84



List of Figures

1.1

1.2

1.3

3.1

3.2

3.3
3.4

3.5

Cr;Mn molecular structure, showing seven Cr*' ions (green)
and one Mn?" ion (purple). Taken from [1] with permission.

Energy-level diagram for Cr;Mn showing the |0) and |41) states,
as well as mixed states |+) near an avoided crossing at zero ex-
ternal magnetic field. Taken from [1] with permission. . . . . .
Two slightly different variants of our Cr;Mn molecule, linked by
chemical bonds that give rise to a coupling term in the system
Hamiltonian. Taken from [2] with permission. . . . . .. . ..

Diagram of the PPMS probe design. Taken from PPMS Hard-
ware Manual with permission [3]. . . . . ... ... ... ...
Diagram of the PPMS dewar. Taken from PPMS Hardware
Manual with permission [3]. . . . .. ... ... ... ... ..
The essential hardware components used in our spectrometer.

Block diagram of the essential components in our circuit. Am-

plifiers, attenuators and filters are not shown, but see Figure 3.3.

Diagram of the first six Nyquist zones for sample frequency
fs- A digital signal with frequency f, will also produce signals
in each higher Nyquist zone, with frequencies given by equa-
tion 3.2. However, frequencies in higher Nyquist zones than
one will generally have reduced power. . . . . ... ... ...

10

11

12

26

26
28



3.6

3.7

3.8

The dynamics of a collection of spins in a spin-echo experiment
by visualizing spins as arrows on a Bloch sphere, as seen from
a reference frame precessing about the z axis with the same
frequency as the average spin. Initially all spins are aligned
with the z axis (a) and a pulse is applied to rotate them onto
the z axis (b). The spins then dephase for a time 7 (c¢) before
a refocusing 7 pulse is applied to flip all spins about the y axis
by 180° (d). After this second pulse the spins continue rotating
relative to our reference frame (e) and rephase with each other
at a time 27 after the initial pulse, at which time they all align
along the -z axis (f). . . .. ... ... ... ...
Dynamics of a collection of spins in a spin-echo experiment ac-
counting for decoherence, as seen from a reference frame pre-
cessing about the z axis with the same frequency as the average
spin. Initially all spins are aligned with the z axis (a) and a pulse
is applied to rotate them onto the z axis (b). The spins then
dephase for a time 7 (c¢) before a refocusing 7 pulse is applied
to flip all spins about the y axis by 180° (d). After this second
pulse the spins continue rotating relative to our reference frame
(e), but due to decoherence they do not rephase perfectly (f). .
A spin-echo experiment represented with Bloch spheres, with an
initial 7 pulse added, as seen from a reference frame precessing
about the z axis with the same frequency as the average spin.
Initially all spins are aligned with the z axis (a) and a pulse
is applied to rotate them onto the -z axis (b). After a time
to > Ty, a /2 pulse is applied to rotate the spins to the -z axis
(c). The spins then dephase for a time 7 (d) before a refocusing
7 pulse is applied to flip all spins about the y axis by 180° (e).
After this third pulse the spins continue rotating relative to our
reference frame and rephase with each other at a time 27 after
the /2 pulse, at which time they all align along the z axis (f).
(Note: pulse timing is not to scale.) . . . . . . ... ... ...

vi

34

39



3.9

3.10

4.1

4.2

4.3

4.4

A Carr-Purcell experiment with just two 7 pulses, as seen from
a reference frame precessing about the z axis with the same
frequency as the average spin. Initially all spins are aligned
with the z axis (a) and a 7/2 pulse is applied to rotate them
onto the z axis (b). The spins then dephase for a time 7 (c)
before a refocusing m pulse is applied to flip all spins about the
y axis by 180° (d). After this pulse the spins continue rotating
relative to our reference frame and rephase with each other at a
time 7 after the m pulse, at which time they all align along the
-z axis (e). The spins then begin dephasing again (f) and are
again refocused by a 7 pulse about the y axis (g). Subsequently
the spins rephase along the z axis and produce an echo (h).

A CPMG experiment with two 7 pulses that rotate spins about
the y axis, as seen from a reference frame precessing about the
z axis with the same frequency as the average spin. Initially all
spins are aligned with the z axis (a) and a 7/2 pulse is applied
to rotate them onto the z axis (b). The spins then dephase for a
time 7 (c¢) before a refocusing 7 pulse is applied to flip all spins
about the z axis by 180° (d). After this pulse the spins continue
rotating relative to our reference frame and rephase with each
other at a time 7 after the 7 pulse, at which time they all align
along the = axis (e). The spins then begin dephasing again
(f) and are again refocused by a 7 pulse about the z axis (g).
Subsequently the spins rephase along the z axis and produce

anecho (h). . ... ...

A 1% Cr;Mn sample (green) diluted in toluene in a capillary
tube along with a loop-gap resonator with resonant frequency
about 4.9 GHz. . . . . . . . ...
Log magnitude of reflected radiation as the input frequency is
swept over a range of 200 MHz. The peak in the center corre-
sponds to a resonant frequency of the resonator, which we see
isabout 419 GHz. . . . . . .. ... ... ...
Photograph of a Cr;Mn sample mounted inside the loop of a
resonator inside a shield. . . . . . . ... .00
Schematic of the effect of alternating between a two-pulse and
three-pulse sequence. Timing between pulses is not to scale.

vil

43

44

48

50

52

54



4.5

4.6

4.7

4.8

4.9

4.10

Oscilloscope traces showing the echo signal and a large back-
ground. We see that the echo from the three-pulse sequence
(black) is much smaller than that from the two-pulse sequence

Echo signals after background subtraction, obtained by sub-
tracting an inverted echo from an upright echo using two dif-
ferent methods. For the black trace, inversion was achieved by
alternating a two-pulse and three-pulse sequence (back-pulse
method, see Figure 4.4), while for the red trace it was achieved
by changing the phase of the pulses in a two-pulse sequence
(phase change method, see Figure 4.7). The phase change
method is seen to give a larger signal size. . . . . .. ... ..
A spin echo experiment represented with Bloch spheres, with
the phase of all pulses 180° off from the reference signal, as seen
from a reference frame precessing about the z axis with the same
frequency as the average spin. Initially all spins are aligned with
the z axis (a) and a pulse is applied to rotate them onto the
-z axis (b). The spins then dephase for a time 7 (c) before a
refocusing 7 pulse is applied to flip all spins about the y axis
by 180° (d). After this second pulse the spins continue rotating
relative to our reference frame (e) and rephase with each other
at a time 27 after the initial pulse, at which time they all align
along the z axis (f). This results in an inverted echo relative to
a pulse sequence in phase with the AWG reference channel. . .
Oscilloscope traces showing the echo signal and a large back-
ground. The red and black traces were obtained using pulse
sequences that were 180° out of phase with each other, causing
the echo to be inverted. . . . . . . . ... ... ... L.
Echo signals measured from spin-echo experiments on a 1%
Cr;Mn sample in toluene for a range of delay times 7, with ex-
ternal magnetic field of 20 Oe and resonator frequency of 4.243
GHz. The length of the /2 pulse was 50 ns. The horizontal
axis for each trace has been shifted by the delay time in each
case so that the echoes overlap. . . . . .. .. ... ... ...
Integrated echo area versus 27 for a 1% Cr;Mn sample diluted
in toluene along with a fit of the data to equation 4.1. The
value of 75 obtained from this fit was 1463 &= 77 ns. . . . . . .

viil

95

56

57

58

99



4.11 Integrated echo signal as a function of pulse duration for a
107%% Cr;Mn sample in deuterated toluene. Fitting the re-
sulting Rabi oscillations gives a measurement of the B; field
in the resonator, which we found to be 5.6 Oe. Measurements
taken at 4070 MHz. . . . . . . . . ..o

5.1 The coherence time 75 of our Cr;Mn samples increases near zero
external magnetic field, as seen in this 0.0001% dilute sample in

toluene at 1.9 K, measured with resonator frequency 3975 MHz.

5.2  Magnetic field dependence of T for Cr;Mn diluted in toluene
at three different concentrations at 1.9 K. Measurements taken
at 4076 MHz (1%), 4271 MHz (1073%) and 3962 MHz (10~%),
respectively. . . . . ..o

5.3 Magnetic field dependence of T, for 107% Cr;Mn samples di-
luted in regular (hydrogenated) toluene (black squares) and
deuterated toluene (red circles) at 1.9 K. Measurements taken
at 3962 MHz and 4102 MHz, respectively. . . . . . ... ...

5.4 Magnetic field dependence of T5 for 1% Cr;Mn samples diluted
in (hydrogenated) toluene (black squares), deuterated toluene
(red circles) and hydrogenated benzene (blue triangles) at 1.9
K. Measurements taken at 4194 MHz, 4076 MHz and 3983 MHz,
respectively. . . . . . ..

5.5 Magnetic field dependence of T, for 1074% Cr;Mn samples di-
luted in regular (hydrogenated) benzene (black squares) and
deuterated benzene (red circles) at 1.9 K. Measurements taken
at 4216 MHz and 4242 MHz, respectively. . . . . . ... . ..

5.6 Magnetic field dependence of Ty for 1074% Cr;Mn samples di-
luted in regular toluene (black squares) and regular benzene
(red circles) at 1.9 K. Measurements taken at 3975 MHz and
4188 MHz, respectively. . . . . . . . ... oo

5.7 T, as a function of temperature for 107% Cr;Mn samples di-
luted in deuterated toluene both at the clock transition (black)
and 30 Oe away from the transition (red). Measurements taken
at 4070 MHz. . . . . . . ..o

5.8 Temperature dependence of 1/T5 for 1075% Cr;Mn samples di-
luted in deuterated toluene both at the clock transition (black)
and 30 Oe away from the transition (blue). Linear fit param-
eters given for both show similar slopes but different vertical
intercepts for the two data sets. Measurements taken at 4070

1X

64

66

68

69

70

71

72



5.9

5.10

Echo decay for CPMG pulse sequences at and away from the
clock transition, for a 107% sample in deuterated toluene. At
the clock transition, an echo can still be seen for evolution times
longer than 40 ps. The sharp drop off around 45 ps has been
eliminated in more recent experiments. . . . . . . . . ... ..
Comparison of T3 vs. magnetic field using CPMG and Hahn
echo sequences. The sample concentrations shown here are both
below the threshold for T, to be independent of dilution (1074%

for the standard spin-echo and 107°% for the CPMG sequence).

5

76



Chapter 1

Introduction

1.1 Motivation: Quantum Computation

The emerging field of quantum information has received much attention re-
cently for its potential applications both in physics research and in numerous
other fields with immediate real-world applications. In physics, quantum sim-
ulation would enable the theoretical study of interesting physical systems too
complex for current classical computers to solve. Meanwhile, much theoret-
ical progress has been made in developing quantum computing algorithms
that would allow exponential speed-ups in classically hard problems, with the
most famous example being Shor’s algorithm for factorization of large num-
bers. This latter development would have important applications not only to
theoretical problems in number theory but also in cryptography, where most
modern encryption algorithms rely on knowing the prime factors of numbers

too large to factor with current computing technology.



To understand the advantages bestowed by a quantum computer, and to
get some idea of what might go into realizing such a device, it is helpful to un-
derstand what distinguishes a quantum computer from its classical analogue.
The fundamental unit of information storage in a classical computer is the
bit, which is simply a classical two-state system whose states, denoted 0 and
1, can be controlled and measured at will. The quantum analogue of a bit is
called a quantum bit or qubit, and is a two-state quantum system, with states
denoted by |0) and |1). But as a quantum system, a qubit can also be in any
arbitrary quantum superposition of the states |0) and |1) and we can denote
such a state by «|0) + 5]1), where «, § are any complex numbers satisfying
|a|? + ]8> = 1. The advantage of using qubits becomes apparent when we
consider a system with two or more bits: A system of two classical bits can
be in any of the four states 00, 01, 10 or 11, and in an arbitrary state of a
system with N classical bits, the state of each bit can encode exactly one piece
of information so that the system as a whole can store N pieces of informa-
tion in a given state. A system of two qubits, on the other hand, can be in
any arbitrary state a|00) + 3 |01) + +|10) + 6 |11). In a general system of N
qubits, then, one can store 2V~! pieces of information, giving an exponential
improvement in information storage capacity over a classical computer.

Before one can reap the benefits of quantum computation, however, one
must identify an actual physical system that can be used as a qubit and demon-
strate that such qubits can be combined to make multi-qubit quantum logic
gates and ultimately a functional quantum computer. In the last three decades,

much effort has been invested in this area, both by experimentalists identify-



ing and developing physical systems to be used as qubits [4] and by theorists
developing quantum error correcting codes [5] to correct for errors in realistic
operations. In the former pursuit, many groups have already built small (~10
qubit) quantum computers using trapped ions, quantum dots or superconduc-
tors as qubits [6-8] and successfully demonstrated simple quantum algorithms,
including simulations of simple molecules like Hy [9]. In this thesis, I investi-
gate the viability of a relatively understudied potential qubit system, namely
molecular nanomagnets (MNMs).

Any quantum logic gate must necessarily operate over a finite amount of
time, so in order to perform multiple gates in succession, as is required in a
functional quantum computer, one’s qubit systems must remain coherent long
enough to allow the gate operations to be completed without losing informa-
tion. The time scale over which a system remains coherent is referred to as
its coherence time and denoted by T5 (see section 3.4). Coherence times have
been investigated in many prospective qubit systems [4], and in this thesis I
perform measurements of T, in the MNM Cr;Mn and explore several meth-
ods to enhance 75 in this system. Previous work, which will be described in
more detail in the next section, has already examined coherence times in some
other MNMs and Single Molecule Magnets (SMMs) and demonstrated that
T can be enhanced in these systems by sample dilution and deuteration [10]
and by working at an atomic-clock transition [11]. T explore some of these ap-
proaches in Cr;Mn as well as dynamical decoupling techniques that have been
extensively employed in nuclear magnetic resonance (NMR), and electron spin

resonance (ESR) experiments.



1.2 Overview of Approaches to Enhancing Co-
herence Time

While an isolated two-state quantum system will evolve with time in a very pre-
dictable way according to the rules of quantum mechanics, any interaction be-
tween the system and its environment will result in the system’s time-evolution
becoming unpredictable. Put another way, unless we can fully characterize a
quantum system’s environment, we cannot exactly predict how the system’s
state will evolve in time and therefore we will gradually lose information about
the system’s state as time passes. This process is referred to as decoherence
and for many applications, including quantum computing, it is imperative to
reduce the rate of decoherence in constituent systems as much as possible so as
to make their evolution as coherent as possible. In designing a quantum com-
puter then, it is desirable to reduce interactions between our individual qubits
and their environment, while some specific, well-controlled interactions with
other qubits will be required if we are to construct multi-qubit logic gates. The
coherence time, T5, introduced in the previous section provides a quantitative
measure of the decoherence rate as demonstrated in chapter 3.

There are many ways in which a quantum system can interact with its
environment and the first step in enhancing coherence time in qubits is to
lower the qubits’ temperature so as to reduce thermal fluctuations. In order to
reduce thermal effects sufficiently to make T, measurable with our and similar
apparatus, MNM samples must be cooled to temperatures on the order of a

few Kelvin.



One major source of decoherence comes from dipolar interactions between
electron spins and nearby magnetic moments [10] and there are several possi-
ble avenues available for reducing the deleterious effects of these interactions
on T,. The strength of these dipolar interactions in a sample will generally
decrease with the distance between molecules, so one way to decrease the ef-
fect of interactions is to dilute the MNM sample in some non-magnetic matrix.
Ardavan et al. [10] studied 7% in a sample of the MNM Cr7Ni and found that
by diluting samples in toluene they were able to achieve T3 times up to 0.55
us at 1.8 K.

A second approach used by Ardavan et al. in Cr;Ni is to use deuterated
MNM samples, in which 'H nuclei in the sample are replaced with 2D nuclei,
which have a magnetic moment approximately six times smaller than "H [10].
Because of this smaller magnetic moment, the use of deuterated samples would
be expected to increase coherence time if 75 is limited by interactions between
the MNM spins and protons in the 'H nucleus. Indeed, Ardavan et al. found
an increase in Ty by a factor of 6-7 in deuterated samples as compared with
hydrogenated samples, reaching a maximum value of 1.38 us at 1.8 K.

Another possible approach to increase coherence time in MNMs is to work
at an atomic-clock transition (see section 1.4), as demonstrated by Shiddiq
et al. in the MNM HoWj, [11]. Atomic-clock transitions get their name from
their application in atomic clocks, in which they are used to obtain a steady
clock frequency, but the principle (explained in section 1.4) can be used more
generally to reduce the sensitivity of physical systems to fluctuations in their

environment. HoW;y and some other MNMs exhibit atomic-clock transitions



when an external magnetic field of some particular (predictable) strength is
applied to the sample and Shiddiq et al. used this method to measure T, in
HoWj, both at and away from a clock transition. Working at 5.0 K, Shiddiq
et al. found T; values of approximately 1.5 us away from the clock transition
and 8.4 ps at the clock transition, giving an increase in 7T, by a factor of 5-
6 times. Notably, Shiddiq et al. achieved this result without working in the
dilute limit in which 75 is expected to be optimized.

Finally, there are a number of techniques such as Carr-Purcell-Meiboom-
Gill (CPMG) and Dynamical Decoupling (DD) that have been developed ex-
tensively in Nuclear Magnetic Resonance (NMR) experiments and can be easily
adapted into our ESR experiments. In the most basic spin-echo experiment,
a sequence of just two EM radiation pulses is applied and the time between
pulses is varied to measure T5. In a CPMG experiment, on the other hand, a
much longer sequence of tens of pulses is applied and signal from the sample
is measured after each additional pulse, as described in detail in section 3.5.
CPMG and DD techniques have in fact already been demonstrated to be ef-
fective in increasing 75 in spin-based qubits, for example by Medford et al.,
who found 7% to increase with the number of pulses according to a power law
[12].

All of the techniques mentioned in this section can be applied to our Cr;Mn
system and much of the remainder of this thesis will be devoted to documenting

their implementation and efficacy in increasing coherence time.



1.3 Molecular Nanomagnets

Molecular nanomagnets are a class of molecules characterized by the fact that
each molecule possesses a magnetic moment, and these systems exhibit a num-
ber of properties that make them both potentially useful in quantum comput-
ing applications and inherently interesting physical systems to study. Firstly,
MNM’s are highly chemically engineerable, allowing their properties to be
tailored to specific applications of interest [13]. Secondly, individual MNM
molecules are decidedly microscopic systems and thus exhibit quantum me-
chanical behavior that cannot be seen in classical systems. Yet we can prepare
samples of large numbers (~ 10'%) of MNM’s and study the behavior of individ-
ual molecules by interacting with the sample as a whole. This latter property
has already been demonstrated to be useful in designing a quantum computer
by the successful implementation of small NMR-based quantum computers
working under the same principal [14].

MNM’s have been studied extensively since the 1990’s, motivated both by
their potential applications in quantum information processing and magnetic
memory [15-18] and by their inherent interest as systems that span the realms
of quantum mechanics and classical (macroscopic) physics [15, 19]. Such stud-
ies have made use of a diverse range of experimental techniques [20] such as
Electron Paramagnetic Resonance (EPR) spectroscopy [1, 10, 11, 19, 21] and
Inelastic Neutron Scattering (INS) [22]. Such studies on MNM’s have ranged
from measurements of coherence times [1, 10, 11] and other characterization
[19] to demonstrations of interesting physical phenomena such as quantum

tunneling of magnetization [23] and quantum phase interference [24], among



many other areas of research.
I have worked with the MNM Cr;Mn (Figure 1.1), which is obtained from
the diamagnetic ring Crg by replacing one Cr3* ion with a Mn?* ion, giving a

total spin s = 1 [10]. The system can be described by the Hamiltonian
H=—-DS?+ E(S; - S2) + gusB - S, (1.1)

where D = 21 GHz, E = 1.9 GHz and g = 1.96 is the Landé g-factor and
wp is the Bohr magneton [1]. The third term in this Hamiltonian is the
Zeeman term, which gives the magnetic-field dependence of all the states,
while the first two terms describe the molecule’s longitudinal and transverse
anisotropies, respectively. This Hamiltonian gives rise to the three energy
eigenstates shown in Figure 1.2, which are well-described by spin quantum
numbers m = 0 and m = +1 away from zero magnetic field. Near zero field,
the transverse anisotropy term results in a zero-field splitting between the two
lowest-energy states, giving superposition states |£) = \%(H—l) +|-1)). In
addition, Figure 1.2 shows that the three states have different dependence on
magnetic field due to the Zeeman term and that the two lowest-energy states
are shifted down by the longitudinal anisotropy term. In chapter 2 we will
show how the Hamiltonian (Eq. 1.1) can give us an effective two-state system
near zero-field, consisting of just the |4) states. This enables us to use Cr;Mn
as a qubit, provided it has a sufficiently long coherence time to allow gate
operations to be performed.

In addition to engineering parameters of individual molecules, techniques



Figure 1.1: Cr;Mn molecular structure, showing seven Cr®* ions (green) and
one Mn** ion (purple). Taken from [1] with permission.

have also been developed to create dimers of two MNM molecules (Figure 1.3),
so that the Hamiltonian for the system as a whole includes a coupling term

J12 linking the two molecules in the dimer. Thus if we define
H; = _DSEJ; + E(ng - Ssz) + QHB§ : 3‘7 (1.2)
for i = 1,2, then the total Hamiltonian for the dimer is:

Hgimer = Hy + Hy + J12§1 : ?1- (1.3)

10
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Figure 1.2: Energy-level diagram for Cr;Mn showing the |0) and |£1) states,
as well as mixed states |£) near an avoided crossing at zero external magnetic
field. Taken from [1] with permission.

Such dimers have already been studied for their potential applications in quan-
tum information processing [25, 26]. The coupling term between molecules in
a dimer provides a means by which the evolution of the state of one molecule
can be affected by the state of the other molecule allowing for execution of
two-qubit gates such as a CNOT gate. More precisely, the coupling between
molecules will slightly shift the energy levels, and hence transition frequency,
of one molecule and the sign of this shift will depend on the second molecule’s
state. Thus the state of molecule 1 in the dimer will evolve differently depend-
ing on the state of molecule 2 in the presence of a coupling term .J;5. Addition-
ally, we can still address each molecule individually (i.e. execute single-qubit

gates) as long as the two molecules have different transition frequencies to

11



start with. This is made possible by the use of heterodimers, where the two
coupled molecules are slightly different variants of the Cr;Mn molecule with
different resonant frequencies. The techniques used to implement two-qubit
gates with such a heterodimer are similar to well-established techniques for

NMR quantum computers as described in [14].

Figure 1.3: Two slightly different variants of our Cr;Mn molecule, linked by
chemical bonds that give rise to a coupling term in the system Hamiltonian.
Taken from [2] with permission.

1.4 Introduction to Atomic-clock Transitions

In designing a clock, we must identify a system that can provide a reliable
frequency to be used as the clock frequency and one common method is to
make use of some two-level system, in which the energy difference between the
two states determines the clock frequency. In order to make such a clock very
precise, it is imperative to reduce the sensitivity of the transition frequency to
environmental fluctuations; one way to do this is to work at an atomic-clock

transition, so named for its use in precisely this application.
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In general, the energy of both states under consideration will depend on
environmental parameters, so that any change in one of these parameters will
slightly alter the transition frequency and render the clock correspondingly
less reliable. However, it may be the case that the energy difference between
the states passes through a local extremum at some parameter value. When
this happens, the energy difference between the states, and hence the transi-
tion frequency, becomes independent of that parameter to first order, resulting
in a much more stable clock frequency and hence a more reliable clock. Any
transition with the property that the transition frequency is to first order in-
dependent of some external parameter is referred to as an atomic-clock transi-
tion, and this concept is of great utility in atomic clocks and other applications
where a stable frequency is required.

As discussed in section 1.2, we would like to identify physical systems
to be used as qubits that are relatively insensitive to fluctuations in their
environment so as to maximize the coherence time, 75, of the system. Atomic-
clock transitions can be used to achieve this goal. Figure 1.2 shows the energy-
level diagram for Cr;Mn; as discussed already, we can work with an effective
spin-1/2 system of the two lowest-energy states. As Figure 1.2 shows, there
is an avoided crossing of these states near zero-magnetic field resulting in
superposition states |£) = \%(H—l) + |—1)), and the energy of both states
becomes flat around zero field. Thus the first derivative of the energy difference
between these states will go to zero at zero field, and hence the transition
frequency between the two states will be independent of magnetic field to first

order.
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As mentioned in section 1.2, dipole interactions with nearby nuclear spins
are likely to be a significant source of decoherence in our system as they will
change the local magnetic field seen by individual spins. However, since the
frequency of each spin is to first order independent of magnetic field at the
clock transition, any small fluctuations in magnetic field due to nearby spins
will not substantially affect each spin’s frequency when we are working at the
clock transition. In this way we can make our ensemble of spins relatively
immune to decoherence caused by other spins, thus reducing a potentially
significant source of decoherence. This approach was employed by Shiddiq
et al. [11] in the HoW;o MNM and one of the major goals of this project was

to apply the same strategy in Cr;Mn.
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Chapter 2

Theory

Before describing the experiments we conducted, it is important to give a
theoretical foundation for our work by describing the basic quantum mechanics
underlying our experiments. As described in section 1.3, our Cr;Mn molecule
can be treated as a spin-1 system at sufficiently low temperatures. Near zero
magnetic field, the two lowest eigenstates have an avoided crossing, resulting
in energy eigenstates |£) = \%(Hl) + |—1)). We begin by describing the
dynamics of a generalized two-state system in an applied magnetic field and

we then show how our states result in an effective two-state system.

2.1 Magnetic Resonance

We will start by considering the phenomenon of magnetic resonance in a spin-
1/2 system. We can write the spin state of a spin-1/2 system in the S, basis
as [¢)) = a|+z) + b|—z), where a,b € C and we can therefore represent its

spin state as a unit vector in R3. The collection of possible endpoints of these
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vectors form a unit sphere, which we refer to as the Bloch sphere. One can
show! that in the presence of a constant longitudinal magnetic field B = B2,
the spin will precess about the z axis with frequency wy = 7By = gup By, where
v = gup is the gyromagnetic ratio of the system, g is the Landé g-factor and
w1 is the Bohr magneton.

Now suppose we additionally apply an oscillating transverse field to our
sample, so that the full external magnetic field is B = By cos(wt)z + ByZ.

Then the Hamiltonian for our system is
H=—ji-B=~S-(Bjcos(wt)i + By%) = wyS. + wy cos(wt)S,, (2.1)

where p is the system’s magnetic moment and we have defined w; = By,
which has units of frequency. Note that the S, term in (2.1) couples the |+2z)

and |—z) states as we can easily calculate:
A 1

Since the Hamiltonian 2.1 is time dependent, we must resort directly to Schrodinger’s

equation to solve for the system’s dynamics:

(e =100 23)

Let us suppose the particle is prepared to be initially spin up along the z

1See, for example, section 4.3 of [27].
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axis. Then in the S, basis we can write

[¥(0)) = (2.4)

for the initial state of the system and

(1)) = (2.5)

for its state at any later time ¢. Substituting 2.5 into the Schrodinger equa-

tion 2.3, we get the system of differential equations

wo wy cos(wt) a(t) [ at)

wy cos(wt) —wo b(t) b(t)

and from this and initial condition 2.4 it can be shown? that the probability
of measuring the particle spin down along the z axis subsequently oscillates
with time, and that in the case w = wy, we get

wlt

(=2l ()] = sin®(=). (2.7)

If the frequencies w and wy are not exactly matched, it can be shown that the

probability will still oscillate with time, as given by Rabi’s formula:

Vi~ v,

(=2 ()" =

2See section 4.4 of [27].

(2.8)
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2.2 Cr;Mn as an Effective Two-State System

At the temperatures we work at (~ 2K), Cr;Mn can be considered as an S = 1

system. Recall from section 1.3 that the Hamiltonian for our system is

H=-DS*+ E(S?—S2) +gupB - S, (2.9)

where D = 21 GHz, E = 1.9 GHz, g = 1.96 is the Landé g-factor and up is
the Bohr magneton [1]. We will show when the external magnetic field is zero,
the states |0) and |+) = \%(H—l) + |—1)) are eigenstates of this Hamiltonian
and that the spin operators S}, 51, and S, each couples one pair of the states
|+) ,|—) and |0) while annihilating the third state.

To show this, we start by expressing S, Sy, S, in the basis {|+1),]0), |-1)},

the eigenstates of S,

010 0 — 0 1 0 O
A 1 A 1 1 4

\/§ 1 01 Yy \/5 1 0 1
010 0 2 0 0 0 —1

1 0 1
1 1
H=glol =1 1R=75]0] (2.11)
1 0 -1
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From 2.10 and 2.11 we see that

10 0 1 1

, 1 1

S+ =100 o0 7 0l=>%5] 0 =|-), (2.12)
00 —1 1 ~1

and similarly we can work out that

S.|=) =1+):5.10) =0, (2.13)
Sol+) =10); Sp =) =0; Sz [0) = |+), (2.14)
Syl+) =0; S, 1=) =[0); 8, 0) = —i|-). (2.15)

Equations 2.12 through 2.15 tell us that the operators 51;, gy, S, each exchanges
two of the states |[+),|—),|0) while annihilating the third state, as promised.

Applying each of these operators a second time gives us

S2|4) = |+);92|—) = |—);52]0) = 0, (2.16)
S2|4) = |+); S2|-) =0; S2[0) = |0), (2.17)
S2|4) =0; S2|—) =]—); S2|0) = [0). (2.18)

From equations 2.16 through 2.18, we can see that the states |+),|—),|0) are

eigenstates of 2.9 with B = 0, since in that case we have

H|+)=(-D+E)|+); (2.19)
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H|-)=(-D—-E)|-); (2.20)
H0) = 0. (2.21)

Now suppose we apply an external radiation field B = By cos(wt)Z. Then

the Hamiltonian 2.9 becomes
H =—DS? + B(S2 — S2) + gupDBi cos(wt) ., (2.22)
Then, similarly to equation 2.2, we can calculate from 2.13 that

which shows that S, couples only these two states, and that the coupling
strength is twice that in 2.2. So since |+) and |—) are eigenstates of the zero-
field Hamiltonian, we see that if our initial state is any linear combination of
|[+) or | =), then the state at any future time ¢ must also be a linear combination
of these two. In particular, suppose our initial state is ¢(0) = |4). Then we
can work in the subspace spanned by |+) and |—) and express the initial and

subsequent states of the system as

[¥(0)) = (1) = : (2.24)

In this basis, we can use equations 2.12, 2.13, 2.19 and 2.20 to write the

20



Hamiltonian 2.22 as

. -D+FE 0 0 By cos(wt
i n gup By cos(wt) (2.25)
0 -D—-F gip By cos(wt) 0
Now recall that the gyromagnetic ratio is v = gup, and let us define the

following two quantities with units of frequency:

wy = 27B, (2.26)

wo = 2E. (2.27)

With these substitutions, plugging 2.25 into the Schrédinger equation gives

1 —2D +wy  w; cos(wt) a(t) _ C'L(t> (2.28)

wy cos(wt) —2D — wy b(t) b(t)
This is identical to 2.6 except for the terms involving D, which will not change
the solutions since they simply amount to adding —2D times the identity
matrix to the equation. Then equation 2.28 and 2.6 are identical, leading
us to conclude that our Cr;Mn molecule will behave as a two-state system

provided the initial state is a linear combination of the |[+) and |—) states.

Thus, in analogy with 2.7 we must have

wlt

[l @))* = sin®(—=). (2.29)
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This also implies that
wlt

[(Hw)” = cos* (=), (2.30)

and of course the analogue of Rabi’s formula (2.8) also holds for this system
as well. These results show that in the presence of an external oscillating
magnetic field the probabilities of measuring the system in the |[+) and |—)
states oscillate sinusoidally with time, a phenomenon which we refer to as Rabi
oscillation. They also show that if we want to drive Rabi oscillations between
the states |[4+) and |—), then we should apply a longitudinal RF magnetic field
oscillating with frequency w = wy = 2FE. Using a double angle formula, we

can also write 2.30 as

DO = 1+ cos(20)) 2.1

Thus if we can measure the frequency wr = w;/2 of Rabi oscillations in our
system, then equation 2.26 gives the amplitude of the oscillating magnetic
field:

w1 WR

B, = XL _ R 2.32
P2y g (2:32)

There is one more observation we should make about the behavior of our
system as an effective two-state system. We remarked in section 2.1 that in
addition to oscillating between the |+z) and |—z) basis states in the presence
of a transverse oscillating magnetic field, a two-state system will also precess
about the z axis with frequency wy = By in the presence of a constant
longitudinal magnetic field B = Byz. We see from equation 2.28 that the

zero-field Hamiltonian acts on the basis states |+) in exactly the same way
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that a longitudinal magnetic field acts on the basis states |4z) for the spin-1/2
system. This shows that under the full Hamiltonian 2.22, our system should
undergo some kind of analogous precession. We can show, however, that each
of the eigenstates of the Cr;Mn Hamiltonian has no magnetic moment, that is
(Sa) =0 for a = x,y, z. Hence it cannot be an actual magnetic moment that
precesses about the axis aligned with |+). For an actual two state system,
the precession will also correspond to an oscillating probability of measuring
the system in the states \/Li(|+z> +|—2)) = |£x). The analogous result in our
effective two-state system is that the probability of measuring the system in
the states \%(H—) + |-)) = |£1) will oscillate with frequency wy = 2F. Thus
if we picture the |+) states as defining the vertical axis of the Bloch sphere,
the spin state of the effective two-state system will still precess about the |+)
axis. Since the |+1) have a nonzero magnetic moment, this precession will
induce an EMF in a nearby antenna, allowing us to make measurements of

the system’s state.
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Chapter 3

Experimental Apparatus and

Techniques

As described in chapter 1, we want to make measurements on our MNM sam-
ples by driving transitions between two energy eigenstates. The properties we
are trying to measure are expected to depend on temperature and magnetic
field, among other factors. Therefore, we need an experimental apparatus that
will allow us to interact with our sample and control these external param-
eters reliably. To make our measurements we have used a home-built ESR
spectrometer, including a commercial Arbitrary Waveform Generator (AWG)
as a signal source, to generate radio frequency electromagnetic pulses to probe
our sample, and we have used loop-gap resonators (LGR’s) to concentrate
these pulses at the location of our sample. We have used a Physical Property
Measurement System (PPMS) to control the external parameters, namely tem-

perature and magnetic field. This chapter describes these systems in detail,
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as well as describing the phenomenon of spin echo, which is central to all

experiments described in this thesis.

3.1 Physical Property Measurement System

We have used an apparatus manufactured by Quantum Design, called the
Physical Property Measurement System, to control temperature and magnetic
field in our experiments. It consists of a probe suspended in a liquid helium
bath inside a thermally insulating dewar, as shown in Figures 3.1 and 3.2.
The dewar insulation consists of a reflective super-insulating layer and a liquid
nitrogen jacket to reduce the boil-off rate of heilum. The sample chamber can
be set to any temperature between 1.7 K and 400 K and the temperature is
generally stable as long as it is not set below 1.8 K.

Magnetic-field control in the PPMS is achieved using a superconducting
magnet, which can produce a constant field up to 9 T and can also be ramped
continuously at any rate between 10.8 Oe/s and 199.9 Oe/s. However, we
found that the field control provided by the PPMS current source was not
sufficiently fine for our measurements, and consequently we have been using
an Agilent DC power supply to “charge” the superconducting magnet, while
still using the PPMS to control temperature. To make measurements, we
position our samples inside a copper shield at the end of the probe, which is

then suspended inside the PPMS sample chamber.
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Figure 3.1: Diagram of the PPMS probe design. Taken from PPMS Hardware
Manual with permission [3].
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with permission [3].
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3.2 Electron Spin Resonance Spectrometer and
Sampling Theory

The spectrometer used in our measurements is home built and has been con-
tinuously evolving over the course of this project, but the essential hardware,
shown in Figure 3.3, has been nearly constant throughout. A block diagram
of the essential components of our circuit is shown in Figure 3.4. However,
before acquiring the Arbitrary Waveform Generator (AWG) we instead used a
CW signal source to produce an RF signal and created pulses by putting the
output through hardware switches. In order to drive the transition between
energy eigenstates of our samples, we need to produce short (~100 ns) pulses
at a frequency approximately matched to the energy-level splitting, which is
around 4 GHz.

Our initial setup used an Agilent signal source to produce a continuous-
wave (CW) radio-frequency (RF) signal, which was then split to produce two
outputs, each with an identical frequency to the original. One of these was
used as the reference for an 1Q) mixer, while the other was fed into a hardware
switch, controlled by a Field Programmable Gate Array (FPGA), to produce
RF pulses. The pulse amplitude was controlled by a large (~20 dBm) amplifier
and variable attenuator (also controlled by the FPGA) and passed through 1
GHz-bandwidth bandpass filters, primarily to remove noise injected by the
switch. The pulses were then fed to the sample by means of a circulator,
which passes the input to the sample chamber (via cables attached at the

probe head). The returning signal was amplified and fed into the second input
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Figure 3.3: The essential hardware components used in our spectrometer.

of the mixer, with the possibility of tuning the relative phase of the two inputs
by hand using a phase shifter. The mixer output was then viewed on an
oscilloscope, where we could see the envelope of each pulse as well as the echo
response from the signal.

The setup just described worked well for performing conventional two pulse
spin-echo experiments, but some experiments required flexible control over
several parameters including number of pulses and relative phase between
pulses, which this switch-based setup could not provide. To address this need,
we used an AWG manufactured by Tabor Electronics, which allows for precise
control of the amplitude, frequency and phase of two RF outputs. These
outputs could be controlled by creating a digital waveform for each channel
and downloading these waveforms onto the AWG. In this way we generated a
~4 GHz CW output on one channel (the reference) while generating a pulsed

output at the same frequency on the other channel (the source). In principle,
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Figure 3.4: Block diagram of the essential components in our circuit. Ampli-
fiers, attenuators and filters are not shown, but see Figure 3.3.

the ability to generate pulse patterns directly from the source output would
remove the necessity of using hardware switches, but in practice we found that
the AWG put out “noise” at the frequency of the device’s sample clock, which
obscured our experimental signal unless we applied additional gating to the
output using the switches. Thus we retained most of the hardware from the
original setup and continued to use the FPGA for timing control, including to
trigger the AWG.

It is worthwhile to describe some practical aspects of the AWG’s operation
since this placed some important constraints on the flexibility of our setup. To
generate a digital sine wave output, one must specify the vertical position of
points on the sine curve at regularly spaced time intervals, and the timebase
resolution of any digital signal is specified by the sample frequency f,, which

is the inverse of the time between consecutive points 1"
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fs= (3.1)

1
T

According to the Nyquist-Shannon sampling theorem, a signal with no
frequency components higher than f,,,. can be fully determined by a digital
waveform with sample frequency fs = 20 [28], so in general it is desirable
to have a sample frequency at least twice the highest desired signal frequency.
However, there are some techniques one can utilize to get around this minimum

sample frequency requirement. Given a sample frequency fs, we refer to the

range of frequencies %(n -1fs < f< %(27@ — 1) fs as the nth Nyquist zone

(n > 1), and it is well known that a digital waveform of frequency f, < % will
also produce a signal in each higher Nyquist zone. These other signals will

have frequencies given by

fne=Nfsx [, (3.2)

for N > 1, as shown in Figure 3.5. Note that in this notation, frequencies in
odd-numbered Nyquist zones will be written fy_ for some N, and those in
even-numbered Nyquist zones will be written fu 4.

We can thus in principle generate a sine wave at any desired frequency f by
choosing a convenient sample frequency and then calculating the first Nyquist
zone equivalent frequency of f. As an example, let’s suppose we choose a
sample frequency fs and want to produce a frequency f in the second Nyquist
zone (N=1). From equation 3.2 and the comment following it, we know we
can write f = f; — f,, for some frequency fy < fs/2. Then if we set the

frequency of our digital signal to be fy = f; — f, we know we will get the
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Figure 3.5: Diagram of the first six Nyquist zones for sample frequency f;. A
digital signal with frequency f, will also produce signals in each higher Nyquist
zone, with frequencies given by equation 3.2. However, frequencies in higher
Nyquist zones than one will generally have reduced power.
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desired frequency f as one of the output frequencies. We can even ensure
that f is the only frequency that reaches our sample by applying a bandpass
filter to the AWG output that is sharply centered on f, thus removing all
other frequency components. In practice, however, all frequency components
in Nyquist zones higher than the first will have reduced amplitude, and it may
simply not be possible to get enough power in higher Nyquist zones to make
this approach viable.

The Tabor AWG we used has a maximum sample frequency of 6 GHz
(and only up to 5 GHz in some modes), but it is equipped with four different
sampling modes, which can be used to maximize the output signal in Nyquist
zones 1, 2, 3 or 4. Each sampling mode specifies a slightly different method
for obtaining an analog output signal from a digital waveform, and we found
that by using the RF sampling mode we were able to get an acceptable signal
in the second Nyquist zone with a sample frequency of 5 GHz. As described
above, we could then obtain a 4.2 GHz output signal (for instance) by setting
the AWG to produce a 800 MHz signal and filtering out the components in
every Nyquist zone but the second. In this way we were able to produce the
desired ~4 GHz outputs on the two AWG channels, using the CW channel as
a mixer reference and the pulsed channel to probe the sample.

There are some disadvantages to this approach in general. Firstly, with a
maximum sample frequency of only 6 GHz, it may not be possible to gener-
ate sufficient power at frequencies much higher than 5.5 GHz, which may be
desired for future experiments on different samples. Secondly, because there

are many frequency components present other than the desired frequency, it
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is necessary to filter the AWG outputs. Finally, as already mentioned, with
our AWG there is some ever-present “noise” at the sample clock frequency
included in the output, which must be blocked with a manual switch unless it
is far enough from the desired output frequency to be filtered out.

The use of an AWG allows exquisite control over parameters such as power,
frequency, and phase of the signal produced and allows us to create intricate
pulse sequences with large numbers of pulses. All of these properties are of
great utility to us in designing our experiments, as described in the remainder

of this chapter.

3.3 Spin Echo

We have already described how our ESR spectrometer allows us to probe our
sample with complex RF pulse sequences and to observe the response on an
oscilloscope. In this section we will describe why these pulse sequences are
useful to us in probing properties of the sample.

The physical phenomenon known as spin echo was first discovered in Nu-
clear Magnetic Resonance experiments in 1950 by Erwin Hahn [29]. In NMR
experiments it is nuclear spins that are manipulated to produce an echo signal
while in ESR experiments an exactly analogous process occurs with spins of
unpaired electrons.

As described in chapter 2, we can visualize the state of each electron spin
as an arrow on the 3-dimensional Bloch sphere, and we can perform arbitrary

rotations of these spins by applying an RF oscillating transverse magnetic field
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to the sample. For spin echo, we start by assuming that the system has been
prepared so that the majority of spins are in a given state, say the |+) state,
and we can choose the vertical axis to point parallel to |+) (Figure 3.6 (a)).
We showed in chapter 2 that in the absence of an external magnetic field, |+)
is an eigenstate of the molecule’s Hamiltonian and each spin will precess about

the z axis of the Bloch sphere with some frequency wy.

(a) AT (b) ()

T echo

1 1] 111, 1 1A

Figure 3.6: The dynamics of a collection of spins in a spin-echo experiment
by visualizing spins as arrows on a Bloch sphere, as seen from a reference
frame precessing about the z axis with the same frequency as the average
spin. Initially all spins are aligned with the z axis (a) and a pulse is applied to
rotate them onto the x axis (b). The spins then dephase for a time 7 (¢) before
a refocusing 7 pulse is applied to flip all spins about the y axis by 180° (d).
After this second pulse the spins continue rotating relative to our reference
frame (e) and rephase with each other at a time 27 after the initial pulse, at
which time they all align along the -z axis ().
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We then apply an oscillating magnetic field for an appropriate duration

™

to rotate the spins by an angle Z about an axis in the horizontal plane of

vl

the Bloch sphere, so that after the pulse they end up pointing along another
horizontal axis, say the = axis (Figure 3.6 (b)). As shown in chapter 2, we
want to choose the frequency w of the oscillating magnetic field to be close
to wp so as to drive oscillations between the |+) and |—) states. After the
rotation has been applied, each spin will then continue to precess about the z
axis of the Bloch sphere in the z-y plane. The spin-echo phenomenon is easiest
to analyze if we work in a reference frame rotating at frequency w along with
these precessing spins.

Now if every spin precessed at exactly the same rate wy = w, they would
all rotate along with our reference frame and thus would remain aligned with
the z axis indefinitely. However, there will be small differences in the energy
splitting 2E between the |+) and |—) states for different spins and additionally
each individual spin will create a small magnetic field of its own so that the
actual local magnetic field in the vicinity of each spin will be slightly different
from the externally applied field. These two factors will cause the Hamiltonian
seen by each spin to be slightly different and hence each spin will precess at a
slightly different frequency. As viewed from our rotating frame, then, each spin
will slowly rotate away from the z axis, each precessing at its own frequency
wo — w (Figure 3.6 (c¢)). This process in which the spins effectively spread out
away from the z axis is referred to as dephasing.

If we allow the spins in our system to dephase for long enough, they will

eventually be randomly distributed in the z-y plane, but by applying a second
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RF pulse to the sample we can cause the spins to refocus along a single axis at
some later time. Having waited some time 7 after the first pulse, we apply a
second RF' pulse identical to the first except with twice the duration, causing
each spin to rotate through an angle 7 about the y axis. As shown in Figure 3.6
(d), this will have the effect of reversing the x component of each spin vector
on the Bloch sphere. Subsequently, each spin will continue to rotate in the z-y
plane relative to the z axis of our reference frame, but this rotation will now
cause all spins to rotate toward the negative z axis, as shown in Figure 3.6 (e).
Moreover, those spins that are rotating faster in our frame will have traveled
through a larger angle during the time 7 between pulses. Once flipped by the
second pulse, these faster spins will therefore have to travel through a larger
angle to reach the -z axis than spins rotating more slowly. The result is that at
a time 7 after the second pulse, all spins will reach the -z axis simultaneously,
as shown in Figure 3.6 (f).

Once all spins have rephased along the -z axis, they will create a net
magnetic moment and thus induce a net magnetic field in the vicinity of the
sample in addition to the externally applied field. The change in magnetic
field produced by the refocused spins precessing in the lab frame induces a
voltage signal, which we can measure with an oscilloscope. We refer to the
signal created in this way as an echo and to an experiment using this physical
process as a spin-echo experiment.

In this description of the spin-echo phenomenon we have made a number
of assumptions that will not hold perfectly in a realistic experiment. For

example, we assumed that no dephasing occurs during the pulses themselves,
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which is clearly not exactly true. In practice, we try to make our pulses
short so as to approach the ideal limit described here, but it is important
to be aware of whether this assumption is a good approximation of reality.
Further, we assumed that the precession frequency of any given spin does not
change appreciably over the course of the experiment so that each spin will
rotate away from the x axis with a constant angular frequency. In practice,
of course, the precession frequency of each spin will change in time. This is
important because if spins in the sample are rotating at different frequencies
before and after the 7w pulse is applied, then they will not rephase on the -z
axis. This particular aspect of spin echo is central to my measurements, as

discussed in the next section.

3.4 Decoherence

Now that we have described the principle of spin echo and the specific pulse
sequences used to observe spin echo in our system, we can describe the mea-
surements we made using these techniques. As described in section 3.3, the
echo signal results when spins that have been rotated into the z-y plane are
allowed to dephase for a time 7 before being refocused by a m pulse. Re-
call that the dephasing occurs because each spin is precessing about the z
axis at a slightly different angular frequency, due to each molecule experienc-
ing a slightly different local magnetic field and/or slight differences between
molecules in the energy splitting 2E between the |4+) and |—) states.

In our previous discussion, we assumed that the precession frequency of
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each individual spin was approximately constant for the duration of their evo-
lution, in which case all spins will rephase simultaneously on the -z axis at
a time 7 after the 7 pulse. In reality, however, neither the local magnetic
field nor the energy splitting 2F will be exactly constant in time for individual
molecules. Therefore each spin will generally have a different average rotation
frequency wy before and after the m pulse. The result is that this particular
spin will have to traverse a larger angle than average to reach the -z axis and
will also be rotating more slowly, with the consequence that it will reach the
-z axis later than time 7 after the 7 pulse (Figure 3.7).

Thus in reality not all spins will reach the axis simultaneously, and this will
reduce the net magnetic field produced by the refocused spins and hence also
the induced voltage signal we measure. Therefore the more dynamical varia-
tion there is in local magnetic field and F for individual molecules during the
evolution time ¢t = 27, the smaller the echo signal will be. This phenomenon
in which we become unable to rephase spins in the sample as a result of inter-
action with the spins’ environment is called decoherence. In the presence of
decoherence, we expect the echo size A to decay exponentially with evolution

time t, according to

A= Age VT, (3.3)

where Ay = A(0) is the initial amplitude and 75 is the coherence time intro-
duced in chapter 1. We now see that T, is simply a constant measuring the
rate of decoherence in the sample. Therefore we can measure the coherence
time for a sample by conducting spin-echo experiments with a range of delay

times 7, measuring the size of the echo for each experiment and then fitting
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Figure 3.7: Dynamics of a collection of spins in a spin-echo experiment ac-
counting for decoherence, as seen from a reference frame precessing about the
z axis with the same frequency as the average spin. Initially all spins are
aligned with the z axis (a) and a pulse is applied to rotate them onto the z
axis (b). The spins then dephase for a time 7 (c¢) before a refocusing 7 pulse
is applied to flip all spins about the y axis by 180° (d). After this second
pulse the spins continue rotating relative to our reference frame (e), but due
to decoherence they do not rephase perfectly (f).

the graph of echo size versus evolution time to a decaying exponential, with
T5 as a fit parameter.

Now suppose we want to observe Rabi oscillations in our system (see section
2.2). We can do this by using a three-pulse sequence in which the first pulse
rotates the spins about the y axis of the Bloch sphere by some variable angle

¢o. As we increase the angle ¢g, the echo amplitude will oscillate sinusoidally
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with frequency wg, as given by equation 2.31. Figure 3.8 shows how this
works for the angle ¢g = 7. Note that the wait time between the initial and
7/2 pulses should be longer than Ty, so that the components of the spins in
the z-y plane of the Bloch sphere will be randomly distributed by the time
the m/2 pulse is applied. The situation considered in chapter 2 assumed no
decoherence, but we have just shown that the effect of decoherence will be to
reduce the signal amplitude as given by equation 3.4. Thus in an actual Rabi
oscillation experiment with decoherence, we expect the signal size for pulse
length ¢ to be

Y = Age”/Travi (1 4 cos(wgt)), (3.4)

where Trq,; is the time constant of the decay and Ag is a constant. We will
see how we can use this equation to fit actual Rabi oscillation data in the next

two chapters.

3.5 Carr-Purcell-Meiboom-Gill

In the experiment described in the previous section, we increase the delay time
between the 7/2 and 7 pulses and thus increase the evolution time ¢t = 27 over
which decoherence occurs in the sample. However, by applying a sequence of
more than two pulses it is often possible to maintain coherence in the sample
for longer evolution times. In general, there may be multiple processes causing
decoherence and each process may have a different characteristic timescale over
which it works. Suppose, for example, that there are two mechanisms M; and

M, causing the spins’ precession frequencies to vary, and that these occur at
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Figure 3.8: A spin-echo experiment represented with Bloch spheres, with an
initial m pulse added, as seen from a reference frame precessing about the z
axis with the same frequency as the average spin. Initially all spins are aligned
with the z axis (a) and a pulse is applied to rotate them onto the -z axis (b).
After a time ¢ty > T», a 7/2 pulse is applied to rotate the spins to the -z axis
(c). The spins then dephase for a time 7 (d) before a refocusing = pulse is
applied to flip all spins about the y axis by 180° (e). After this third pulse the
spins continue rotating relative to our reference frame and rephase with each
other at a time 27 after the 7/2 pulse, at which time they all align along the
z axis (f). (Note: pulse timing is not to scale.)

rates I'y and I'y, respectively, with I'y > T'y.

Now let us apply a pulse sequence to our sample that consists of one 7/2
pulse and N 7 pulses, all about the same axis, as shown in Figure 3.9. Let us
fix a time 7 between the /2 pulse and the first 7 pulse and make the time

between successive m pulses equal to 27. Let’s suppose that we have chosen
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7 so that I'y < 1/7 < I'y. Then between the 7/2 and 7 pulses, many spins
will change precession frequency due to process My but only a few will be
affected by process M;. Then the 7w pulse will refocus the spins and they will
be (mostly) rephased at time 7 after the m pulse. They will then dephase
again for time 7 before the next m pulse refocuses them, and again there will
be decoherence due to process My but not much due to M;. The experiment
will continue in this way for each successive pulse, with the effect that process
M will contribute almost as much to the spins’ decoherence as without the
extra pulses, whereas process M; will not contribute much. As a result, any
decoherence that was due to process M; will be mitigated relative to a two-
pulse sequences with the same evolution time.

Of course, this result is only true provided 1/I"; is not longer than the total
evolution time in the experiment, t;,,,;. Otherwise, the two-pulse and N-pulse
experiments will be equivalent since the effects of process M; will be removed
by either sequence. Therefore we conclude that using a sequence of N 7 pulses
instead of just one will mitigate the effects of decoherence processes that occur

at rates roughly satisfying

1/ttotal < Fl < 1/7' (35)

In this discussion we assumed that the experiment is designed so that each
7 pulse rotates the spins about the same axis as the /2 pulse and in the same
direction, and such a sequence is referred to as a Carr-Purcell pulse sequence.

However, we can sometimes achieve even better results with slight variations
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Figure 3.9: A Carr-Purcell experiment with just two m pulses, as seen from
a reference frame precessing about the z axis with the same frequency as the
average spin. Initially all spins are aligned with the z axis (a) and a 7/2 pulse
is applied to rotate them onto the z axis (b). The spins then dephase for a time
7 (c) before a refocusing 7 pulse is applied to flip all spins about the y axis by
180° (d). After this pulse the spins continue rotating relative to our reference
frame and rephase with each other at a time 7 after the 7 pulse, at which time
they all align along the -z axis (e). The spins then begin dephasing again (f)
and are again refocused by a 7 pulse about the y axis (g). Subsequently the
spins rephase along the z axis and produce an echo (h).

of this model. In particular, we could have had each 7 pulse rotate the spins
about the z axis rather than the y axis (Figure 3.10). It is that particular
pulse sequence that is referred to as a Carr-Purcell-Meiboom-Gill (CPMG)
sequence. The CPMG sequence has the advantage that it protects somewhat
against imperfections in pulse length since the 7/2 and 7 pulses are not along

the same axes. In our experiments we used a standard CPMG pulse sequence.
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Figure 3.10: A CPMG experiment with two 7 pulses that rotate spins about
the y axis, as seen from a reference frame precessing about the z axis with the
same frequency as the average spin. Initially all spins are aligned with the z
axis (a) and a 7/2 pulse is applied to rotate them onto the z axis (b). The
spins then dephase for a time 7 (c) before a refocusing 7 pulse is applied to
flip all spins about the z axis by 180° (d). After this pulse the spins continue
rotating relative to our reference frame and rephase with each other at a time
T after the 7 pulse, at which time they all align along the z axis (e). The spins
then begin dephasing again (f) and are again refocused by a 7 pulse about the
z axis (g). Subsequently the spins rephase along the z axis and produce an
echo (h).

We have shown that CPMG sequences will mitigate the effects of a certain
subset of decoherence process, namely those with characteristic rates I'y sat-
isfying equation 3.5. In general, the total decoherence rate I' due to multiple

processes My, ..., M,, will be the sum of the individual rates:

I=x,T; (3.6)
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So if we can use a CPMG pulse sequence to reduce the effects of some of
these processes, this will reduce the overall decoherence rate in our system,

and therefore increase the coherence time T, = 1/T.
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Chapter 4

Methods

All experiments described in this thesis were conducted by loading a dilute lig-
uid Cr;Mn sample into a loop-gap resonator, cooling the sample and resonator
in the PPMS cryostat and applying RF pulses at the resonant frequency of
the resonator to perform spin-echo experiments on our sample. In this chap-
ter we describe our sample preparation and mounting methods, details of our
loop-gap resonators and our procedure for background subtraction. We also
describe how we used spin-echo experiments to measure coherence times in
our samples and to observe Rabi oscillations, which allowed us to measure the

amplitude of the RF oscillating field in our resonator.

4.1 Sample Preparation

The Cr;Mn samples used in our experiments were synthesized by the group of
Richard Winpenny in the School of Chemistry at University of Manchester and

shipped to us in a powder form. To prepare dilute liquid samples, we measured
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out a fixed quantity of Cr;Mn by weight and calculated an appropriate volume
of toluene or benzene solvent to achieve the desired sample concentration (see
Appendix A for a sample calculation). After dissolving the Cr;Mn powder
in our solvent, we used a syringe and needle to inject a small quantity of
solution into a quartz capillary tubes of about 6 cm in length and 0.5 mm in
inner diameter, which we had sealed at one end ahead of time by heating with
a micro torch. After injecting the solution we sealed the other end of each
tube, being careful that the solution had accumulated at the far end of the
tube from the torch. After sealing, we could redistribute the solution within
the tube by shaking it, which was often necessary to ensure that the volume
of solution in the loop of our resonators was not larger than the resonator
volume. It was desirable to have a sample volume not too large so that the RF
oscillating magnetic field in the resonator was roughly constant over the sample
volume. A typical sample in its capillary tube is shown in Figure 4.1 along
with a loop-gap resonator (see section 4.2). The green color is characteristic
of the particular variant of Cr;Mn used in our experiments; because toluene
is colorless, more dilute samples can be distinguished to some degree by their

lighter color.

4.2 Loop-Gap Resonators and Sample Mount-
ing

We described in chapter 3 how we can generate a pulsed RF signal using an

AWG or other signal source but we need to transmit this signal to the sample
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Figure 4.1: A 1% Cr;Mn sample (green) diluted in toluene in a capillary tube
along with a loop-gap resonator with resonant frequency about 4.9 GHz.

in the form of an RF oscillating magnetic field at the sample location. We use
a coaxial cable to direct the signal down into the cryostat to the bottom of
the probe, where the coaxial cable terminates in an antenna inside a copper
shield.

We place a loop-gap resonator (Figure 4.1) inside the shield just below the
antenna. When a pulse of RF radiation reaches the antenna, the antenna will
radiate and create oscillating electric and magnetic fields inside the shield. If
the frequency of radiation is close to the resonant frequency of the resonator
(usually within a few MHz, depending on the resonator’s quality factor, @, as

described below), then the resonator will absorb the radiation and concentrate
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the oscillating magnetic field in the resonator’s loop and the electric field in
the gap. This gives us a way to create an oscillating magnetic field that is
relatively uniform over the volume of the resonator loop. Figure 4.2 shows the
amplitude of reflected radiation from the resonator as the frequency of input
radiation is swept over a range of 200 MHz, measured using a Vector Network
Analyzer. The dip in reflection corresponds to the resonant frequency of the
resonator where radiation is strongly absorbed.

We used a number of loop-gap resonators with slightly different properties
in our experiments and also varied properties of each resonator in two ways (for
more details on loop-gap resonators see [30]). The most important properties
of the resonators for our purposes were their resonant frequency, quality factor
(@) and thickness. In general, thicker resonators will give a more uniform RF
magnetic field over a larger volume than will smaller resonators, since a larger
volume of the loop is far from the boundary.

The resonant frequency of the resonator is important because it will only
absorb radiation strongly at that frequency. In order to generate an RF field
that will drive transitions between the |+) and |—) states of our sample we
needed the resonator’s frequency to be close to the transition frequency be-
tween these states. Therefore we wanted a resonator with frequency around
4 GHz. Fortunately, even after fabrication we can easily decrease any res-
onator’s frequency by a variable amount up to roughly 1 GHz by inserting a
small slab of sapphire (dielectric constant ~10) into the resonator’s gap. Using
this technique, we performed spin-echo measurements on our samples over a

wide range of frequencies (~ 3.8 to 4.8 GHz).
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Finally, the @) of a resonator is related to the resonator’s center frequency
fe and bandwidth Af by @ = f./Af, and is important because it determines
both the bandwidth of frequencies that will be absorbed and the time scale
over which energy will be dissipated from the resonator. A resonator that
has a high @) value will take a long time to dissipate absorbed energy, which
can be problematic because it distorts the short (~100 ns) pulses put into
the resonator, as well as the signal we want to measure. To prevent excessive
distortion we generally tried to keep the ) value below about 200, which
we achieved by placing a small piece of absorbing material near the end of
the resonator’s gap. The absorbing material used is Eccosorb QR13 absorber
manufactured by Emerson and Cummings Microwave Products. We could also
adjust the ) value by changing the coupling between resonator and antenna,
which was achieved by changing the relative orientation of the two until we

found a good coupling.
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Figure 4.2: Log magnitude of reflected radiation as the input frequency is
swept over a range of 200 MHz. The peak in the center corresponds to a
resonant frequency of the resonator, which we see is about 4.19 GHz.
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For all our experiments, we want the sample to sit exactly inside the res-
onator loop so as to get a strong, uniform magnetic field over the volume of
the sample. To do this, we made a small hole in the bottom of the shield and
for each sample we put just enough teflon tape on the outside of the sample
tube on the end away from the sample (Figure 4.1) so that it fits snuggly in
this hole. We then insert the sample tube through the hole so that the sample
sits in the resonator loop, as shown in Figure 4.3. The tape wrapped around
the bottom of the tube is generally sufficient to prevent the sample tube from
moving as long as we load the probe into the resonator with some care.

After loading our sample into the resonator inside the shield, we attached
the shield to the SMA connections at the bottom of our probe and loaded the
probe into the PPMS cryostat, which we used to cool the sample to temper-
atures ranging from 1.8 K to almost 10 K. Once the desired temperature was
reached, we used the VNA to find the resonant frequency of the resonator at
that temperature and set the signal source or AWG to generate pulse sequences
at that frequency, which we used to probe the sample through spin-echo mea-

surements, as described in section 4.4.

4.3 Background Subtraction

As described in chapter 3, the signal we want to measure can be observed as
a brief change in voltage (an “echo”) and displayed on an oscilloscope screen.
The echo resulting from a single 7/2 — m pulse sequence is tiny compared to

the noise and background signal in our experiment. By running the pulse
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Figure 4.3: Photograph of a Cr;Mn sample mounted inside the loop of a
resonator inside a shield.

sequence many times and setting the oscilloscope to average over a large num-
ber of measurements, we can see an echo on the oscilloscope screen under
ideal conditions, that is, when the echo is at its largest. However, even with
this averaging the echo is relatively small compared to the background and
to measure smaller signals it is essential to use some background subtraction
procedure.

To improve the signal-to-background ratio in our experiment we came up
with a background subtraction algorithm based on the properties of spin echoes
discussed in chapter 3. As described in that chapter, the amplitude and phase
of the echo signal coming from our sample will depend on the orientation of
the sample’s spins on the Bloch sphere at the time of the echo. Specifically,
let us fix the z axis to be parallel to the state |+) (the vertical axis of the
Bloch sphere) and choose the x axis to be the axis aligned with the sample

spins’ state after they have been rotated by a 7/2 pulse that is in-phase with
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the AWG reference output. Then we know from section 2.2 that if the spins
are precessing together in the z-y plane of the Bloch sphere, they will induce
a current in a nearby antenna. Moreover, the phase of the induced signal will
depend on the spin’s angle about the z axis.

Recall that the signal coming from the sample is mixed with the reference
signal from the AWG in an 1Q mixer. The I (in-phase) channel of the mixer will
output the component of the sample signal that is in-phase with the reference,
while the @ (quadrature) channel will output the component that is 90° out
of phase. If we view the output of the I channel on an oscilloscope, then, the
amplitude of the signal will depend the relative phase of the two inputs, with
the maximum amplitude occurring when the phase difference is zero. When
the phase difference between the two inputs is 180° the signal in the I channel
will again have the maximum amplitude but will be inverted relative to the
signal with no phase difference. We already saw one way to obtain an inverted
echo, by using a three-pulse sequence, in section 3.4 (see Figure 3.8). In our
experiments we tuned the phase of the signal from the sample to get maximal
signal amplitude in the I mixer output. Initially this was achieved by hand-
tuning a phase-shifter placed in the circuit but after acquiring the AWG we
were able to precisely control the relative phase of the pulsed and reference
outputs.

The observations of the preceding two paragraphs show how we can sub-
tract off systematic components of the background by running each experiment
twice, with the signal from the sample having opposite phase in the two ex-

periments. Assuming that the background does not depend on phase, then
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adding 180° to the phase of the signal coming from the sample will reverse
the sign of the echo signal coming from the I mixer output without changing
the background at all. By subtracting the results of the two experiments from
each other, then, we should be able to double the signal size while completely

removing any component of the background that is systematic.
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Figure 4.4: Schematic of the effect of alternating between a two-pulse and
three-pulse sequence. Timing between pulses is not to scale.

To implement the background subtraction procedure described above, we
used two different methods to reverse the phase of the signal coming from the
sample. With our original signal source we could not control the phase of the
pulses going to the sample, so instead we alternated the standard 7 /2 —m pulse
sequence with a three pulse m—7/2—7 sequence (Figure 4.4). In this sequence,
we always made the delay between the first 7 pulse and the 7/2 pulse longer
than T, so that the spins would have time to decohere before we applied the
/2 rotation. We refer to this extra pulse as a background subtraction pulse
or “back-pulse”. Bloch diagrams for this three-pulse sequences are shown in
Figure 3.8. This should have the effect that after the x/2 pulse all spins
are aligned along the -z axis rather than the z axis (Figure 3.8 (f)). As
described above, this will reverse the phase of the signal from the sample, thus

inverting the echo and allowing us to do the desired background subtraction.
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Figure 4.5: Oscilloscope traces showing the echo signal and a large background.
We see that the echo from the three-pulse sequence (black) is much smaller
than that from the two-pulse sequence (red).

In practice, we found that the echo size obtained using the back-pulse was
significantly smaller than the two-pulse echo, as shown in Figure 4.5. This is
not entirely surprising since we showed in section 3.4 that the amplitude of
any echo signal will decrease with the length of the initial pulse (equation 3.3).
This approach therefore only slightly increased signal size, but nonetheless it
fulfilled the more important role of background subtraction. We refer to this
method as the back-pulse method of background subtraction. An echo signal
obtained using the back-pulse method is shown in Figure 4.6.

After acquiring the AWG we were able to precisely control the relative

phase of the pulsed and reference output channels. Therefore we could easily
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Figure 4.6: Echo signals after background subtraction, obtained by subtracting
an inverted echo from an upright echo using two different methods. For the
black trace, inversion was achieved by alternating a two-pulse and three-pulse
sequence (back-pulse method, see Figure 4.4), while for the red trace it was
achieved by changing the phase of the pulses in a two-pulse sequence (phase

change method, see Figure 4.7). The phase change method is seen to give a
larger signal size.

invert the echo signal by adding 180° to the phase of the pulsed channel while
leaving the reference channel phase unchanged (Figure 4.7). Figure 4.8 shows
oscilloscope traces taken with pulse sequences differing in phase by 180°. The
background subtraction was then performed by subtracting signals generated
from pulse sequences 180° out of phase with each other, and we found that
this method both removed the background and doubled the signal size (Fig-

ure 4.6), as anticipated. We refer to this method as the phase-change method
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of background subtraction.
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Figure 4.7: A spin echo experiment represented with Bloch spheres, with the
phase of all pulses 180° off from the reference signal, as seen from a reference
frame precessing about the z axis with the same frequency as the average spin.
Initially all spins are aligned with the z axis (a) and a pulse is applied to rotate
them onto the -z axis (b). The spins then dephase for a time 7 (c) before a
refocusing 7 pulse is applied to flip all spins about the y axis by 180° (d).
After this second pulse the spins continue rotating relative to our reference
frame (e) and rephase with each other at a time 27 after the initial pulse, at
which time they all align along the = axis (f). This results in an inverted echo
relative to a pulse sequence in phase with the AWG reference channel.

4.4 Spin Echo Measurements

We discussed in chapter 3 how in a realistic spin-echo experiment, decoherence

will prevent the 7 refocusing pulse from perfectly rephasing all spins after a
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Figure 4.8: Oscilloscope traces showing the echo signal and a large background.
The red and black traces were obtained using pulse sequences that were 180°
out of phase with each other, causing the echo to be inverted.

period of dephasing. If this decoherence is truly random, then we expect the
echo size A to decay exponentially with the evolution time ¢ = 27 according

to the formula

A= Age VT2, (4.1)

where A, is a constant and 75 is the coherence time. Figure 4.9 shows the
result of a spin-echo experiment for a 1% Cr;Mn sample diluted in toluene
with a range of delay times 7 between 0.25 ps and 1.25 us.

We measured the coherence time by integrating the echo area for each

experiment and then fitting the graph of echo area versus 27 to a decaying
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Figure 4.9: Echo signals measured from spin-echo experiments on a 1% Cr;Mn
sample in toluene for a range of delay times 7, with external magnetic field of
20 Oe and resonator frequency of 4.243 GHz. The length of the 7/2 pulse was
50 ns. The horizontal axis for each trace has been shifted by the delay time
in each case so that the echoes overlap.

exponential, with 75 as a fit parameter. An example of such a fit is shown
in Figure 4.10. Most of the results presented in chapter 5 were obtained by
measuring 75 in this way for a range of values of some parameter, such as
magnetic field or temperature.

In all our experiments, there was a small remnant field in the magnet even
when it was set to zero. Therefore, we identified the actual zero field by
finding the field at which 75, was maximum, since we expect Ty to be peaked
at zero field (see section 1.3). We then recorded the magnetic field value
displayed at this peak and subtracted that value from all magnetic field values
in our experiment. To confirm that the field we identified really was zero field,
we set the magnet to produce negative fields and checked that there was no

corresponding peak in T at any negative field value.
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Figure 4.10: Integrated echo area versus 27 for a 1% Cr;Mn sample diluted in
toluene along with a fit of the data to equation 4.1. The value of T3 obtained
from this fit was 1463 4+ 77 ns.

We also wanted to measure the rate of decoherence in our samples when
using the CPMG pulse sequences described in section 3.5, which we did in
a very similar way to the measurements just described. Instead of varying
the delay time between the 7/2 and m pulses, we fixed a delay time between
pulses and changed the number of 7 pulses applied in the experiment. For an
experiment with a total of N 7 pulses and one 7/2 pulse and fixed delay time
7, the total evolution time will be 2N 7, giving an expected decay in echo size
of

A= Age 2N/, (4.2)

Therefore we measured echo size while varying N in a CPMG experiment and
fit the result to a decaying exponential to measure T5.

Finally, we can also observe Rabi oscillations in our sample using spin-echo
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measurements. In section 3.4 we described how we can do this by adding a
third pulse before the 7/2 and 7 pulses, which rotates the spins’ states by an
angle ¢g away from the z axis of the Bloch sphere. As we increase ¢g gradually
the echo will oscillate sinusoidally between its upright and inverted extremes.
In section 3.4 we derived the form that we expect these Rabi oscillations to
take in the presence of decoherence (equation 3.3). Guided by this result,
we measured the echo area for a range of back-pulse durations ¢ and fit the

resulting data to the function

Y = AgeEcos(wrt + ¢) + ¢, (4.3)

where Ay, K, wg, c and ¢ are fit parameters (Figure 4.11). From chapter 2,
we expect that wgr will be related to the amplitude By of the RF oscillating

magnetic field by the gyromagnetic ratio:

wr = vB;. (4.4)

Thus, using the fit value for wg in equation 4.3, we obtained a measurement of
the RF magnetic field amplitude in our resonator, finding B; = 5.6 Oe. This
measurement was made using a 1075% Cr;Mn sample in deuterated toluene,

at a frequency of 4070 MHz.
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Figure 4.11: Integrated echo signal as a function of pulse duration for a 1075%
Cr;Mn sample in deuterated toluene. Fitting the resulting Rabi oscillations
gives a measurement of the B field in the resonator, which we found to be 5.6
Oe. Measurements taken at 4070 MHz.
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Chapter 5

Results and Disucussion

As described in chapter 4, we can measure the coherence time 75 of our Cr;Mn
samples by conducting spin-echo experiments and varying the delay time be-
tween the 7/2 and 7 pulses. We can then vary parameters of interest such
as magnetic field and measure the dependence of T, on these parameters. In
this chapter we show that we get an enhancement of T, near zero external
magnetic field, providing strong evidence of an atomic-clock transition, and
we show the dependence of T5 on sample dilution, temperature and properties
of the solvent. Finally, we show that we can enhance T, by using a Carr-
Purcell-Meiboom-Gill pulse sequence instead of the conventional two-pulse

Hahn spin-echo sequence.

5.1 Dependence of Ty on Magnetic Field

We measured the dependence of T on magnetic field and found an enhance-

ment of T, when the applied magnetic field is close to zero, as shown in Fig-
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ure 5.1 for a 1074% sample diluted in toluene at 1.9 K. As discussed in section
1.4, this provides strong evidence of an atomic-clock transition at zero field.
Enhancement is seen for all sample dilutions and temperatures where we are
able to observe a spin echo (see Figures 5.2 and 5.7), and for all solvents we
have used (toluene, deuterated toluene, benzene and deuterated benzene, see
Figures 5.3 and 5.5).

3.5
3.0

2.5

T2 (us)

1.5

1040 -30 -20 ~10 0 10 20 30 40

Magnetic Field (Oe)

Figure 5.1: The coherence time 75 of our Cr;Mn samples increases near zero
external magnetic field, as seen in this 0.0001% dilute sample in toluene at 1.9
K, measured with resonator frequency 3975 MHz.

The fact that T5 is enhanced at a clock transition suggests that dipolar in-
teractions between electron spins and nearby magnetic moments are a limiting
factor on coherence time in our samples, since the effect of a clock transition
is to reduce sensitivity to these interactions (section 1.4). Shiddiq et al. found
a similar result in the MNM HoW [5]. These results show both that dipolar
interactions are a limiting factor on coherence times in MNM’s (see also [4])

and that the effects of these interactions can be mitigated by working at a

64



clock transition.

5.2 Dependence of Ty on Sample Dilution

We measured T; as a function of magnetic field for a wide range of sample con-
centrations, ranging from 1% to 107°%. As shown in Figure 5.2, T} increases
at the clock transition between the 1% and 1073% samples but does not change
significantly for more dilute samples. Away from the clock transition dilution
seems to have only a small effect on coherence time. Since dilution is also
expected to reduce the effects of dipolar interactions, this result suggests that
even at the clock transition dipolar interactions limit 75 for samples more
concentrated than 1073%, but that for more dilute samples they are not a
limiting factor. It is therefore somewhat surprising that we see only a small
effect of dilution on 75 away from the clock transition, since the enhancement
of Ty seen at the clock transition suggests that dipolar interactions do limit
T, away from the transition (section 5.1). If T, were limited away from the
clock transition by dipolar interactions between neighboring molecules, then
more dilute samples should have longer T values. Therefore, the fact that
T, changes minimally with concentration away from the clock transition sug-
gests that the decoherence away from the clock transition is largely sdue to

intramolecular dipolar interactions, that is, interactions with nuclear spins.
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Figure 5.2: Magnetic field dependence of T, for Cr;Mn diluted in toluene
at three different concentrations at 1.9 K. Measurements taken at 4076 MHz
(1%), 4271 MHz (1073%) and 3962 MHz (107°%), respectively.

5.3 Dependence of Ty on Solvent Properties

We measured T5 as a function of magnetic field for 107°% Cr;Mn samples di-
luted in regular (hydrogenated) toluene and deuterated toluene and the result
is plotted in Figure 5.3. We can see that solvent deuteration has almost no ef-
fect on T5 at the clock transition and although 75 appears to be slightly higher
for the deuterated sample at magnetic fields away from the clock transition,
this difference is small enough that it is hard to draw a definitive conclusion.
Further, Figure 5.4 shows there is no difference in T5 between 1% samples in
hydrogenated toluene at the clock transition, but seems to show slightly higher

T, values for the hydrogenated sample away from the transition. Given that
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all these differences are small and the apparent differences are not consistent
across sample dilutions, it appears that deuteration of toluene has little effect
on coherence time in our samples. This result is somewhat surprising given
that previous work has shown that using a deuterated toluene solvent can en-
hance Ty compared to hydrogenated toluene [10]. However, the result in [10]
was measured at a magnetic field of around 0.4 T. and hence far away from
any clock transition. The fact that we are working at a clock transition may
sufficiently mitigate the effects of dipolar interactions from the solvent that
deuteration does not give any significant further improvement. Figure 5.5
shows that we obtained the same result when using benzene as a solvent in-
stead of toluene.

Figure 5.4 also shows a comparison of T, between 1% samples diluted
in toluene vs. benzene solvent, and we see that the benzene solvent gives a
significantly higher 7T, value both at and away from the clock transition. By
contrast, Figure 5.6 shows that for much more dilute (107*%) samples, the
choice of benzene or toluene does not appear to change T, significantly. This
investigation is ongoing and it is not yet clear why benzene solvent should give

an improvement Ty for 1% samples but not for very dilute samples.

5.4 Dependence of Ty, on Temperature

We measured 75, as a function of the sample temperature for dilute Cr;Mn
samples at a range of different magnetic fields, between temperatures of 1.8

K and 8 K. At temperatures higher than 8 K the signal became too small to
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Figure 5.3: Magnetic field dependence of T, for 107% Cr;Mn samples diluted
in regular (hydrogenated) toluene (black squares) and deuterated toluene (red
circles) at 1.9 K. Measurements taken at 3962 MHz and 4102 MHz, respec-
tively.
observe spin echo. Figure 5.7 shows that T, decreases with increasing tem-
perature both at the clock transition and 30 Oe away from the transition,
where the dependence of T5 on magnetic field is nearly flat. It also shows that
the clock transition still has the effect of increasing 75, even at the highest
temperatures at which we can make measurements.

In Figure 5.8 we show that 1/75 depends linearly on temperature both at
and away from the clock transition, and linear fits of these data show that the
slope of this linear dependence is similar for the two fields, while the vertical

intercepts are different. The fact that 1/75 increases linearly with temperature
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Figure 5.4: Magnetic field dependence of T, for 1% Cr;Mn samples diluted in
(hydrogenated) toluene (black squares), deuterated toluene (red circles) and
hydrogenated benzene (blue triangles) at 1.9 K. Measurements taken at 4194
MHz, 4076 MHz and 3983 MHz, respectively.

suggests that phonon-mediated decoherence is limiting 75 in our system.
As given in equation 3.6, we expect the total decoherence rate I';,;, due
to dipolar interactions and phonon-mediated processes to be the sum of the

individual rates from each:

I‘ifotal = Fdipolar + thonon- (51)

Thus, the difference in vertical intercept at and away from the clock transition
in Figure 5.8 is likely due to the fact that the clock transition mitigates the

effects of dipolar decoherence, shifting the overall decoherence rate down by a

69



- Temp =1.9K —=—(0.0001% H-Benzene
- —e—0.0001% D-Benzene
3|
/('D\ L
= X
= 2
1 IIIIIIIIIIIlIIIIIIIIIIIIIIIIIII'IIII'III

0 10 20 30 40 50 60 70
Magnetic field (Oe)

Figure 5.5: Magnetic field dependence of T, for 10*% Cr;Mn samples diluted
in regular (hydrogenated) benzene (black squares) and deuterated benzene
(red circles) at 1.9 K. Measurements taken at 4216 MHz and 4242 MHz, re-
spectively.

constant at all temperatures. On the other hand, we do not expect the clock
transition to have any effect on decoherence due to phonon-mediated processes,
since such processes would be expected to cause decoherence by changing the
energy splitting 2F of individual molecules rather than by varying the local
magnetic field.

Since phonons are bosons, we expect the number, n, of phonons in our
system to follow Bose-Einstein statistics. That is, we expect that for a given

energy ¢, we will have

1

€)= T — 1 (52)
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Figure 5.6: Magnetic field dependence of T, for 107*% Cr;Mn samples diluted
in regular toluene (black squares) and regular benzene (red circles) at 1.9 K.
Measurements taken at 3975 MHz and 4188 MHz, respectively.

where p is the chemical potential, kg is the Boltzmann constant and 7' is
the temperature. For phonons the chemical potential is zero. Let us now
examine the high temperature limit of this expression. Note that phonons
with very high frequencies will not contribute much to decoherence, since any
processes occurring on timescales much faster than the spins’ dynamics will
have their effects average to zero over the timescales we care about. Therefore,
the highest frequencies we care about will be on the order of the transition
frequency between the |+) and |—) states. From section 2.2 we know this
frequency is wy = 2F, where £ = 1.9 GHz. Thus we need only consider

phonons with energies € S fiwy = 2Eh. Defining A = %, we see that for the

B7
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Figure 5.7: T, as a function of temperature for 107% Cr;Mn samples diluted
in deuterated toluene both at the clock transition (black) and 30 Oe away from
the transition (red). Measurements taken at 4070 MHz.

energies we are concerned with, we have A < % = 0.029 K. Since all our

experiments are conducted at temperatures of at least 1.8 K, we are clearly

working in the high temperature limit of 7" >> A. In this limit, we have
AT =14+ AJT, (5.3)

and hence
1 1 T

M) = ZF I AT A (5.4)

Equation 5.4 shows that in the high temperature limit we expect the number

of phonons at a given energy to scale linearly with temperature. Since the rate
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Figure 5.8: Temperature dependence of 1/T5 for 1076% Cr;Mn samples diluted
in deuterated toluene both at the clock transition (black) and 30 Oe away from
the transition (blue). Linear fit parameters given for both show similar slopes
but different vertical intercepts for the two data sets. Measurements taken at

4070 MHz.

of decoherence due to phonons should also scale linearly with the number of
phonons, we expect the decoherence rate to increase linearly with temperature.
Thus the linear dependence we found is qualitatively what we expect, although
we have not yet done a careful quanitative analysis of this dependence, nor
have we yet measured the dependence at lower temperatures. Nonetheless,
the fact that the slope of the dependence is similar at and away from the
clock transition supports the hypothesis that a phonon-mediated process that
acts independently of magnetic field is responsible for decoherence at the clock

transition.
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5.5 Enhancement of T, with CPMG Pulse Se-
quences

As described in chapters 3 and 4, we used CPMG sequences of up to 50 pulses
to refocus spins in our sample, thus correcting for slow decoherence mecha-
nisms. Figure 5.9 shows that use of a CPMG sequence allows us to observe
an echo for much longer evolution times than is possible with a standard two-
pulse Hahn-echo sequence (see Figure 4.10). Qualitatively, the echo signal
disappears well before 10 pus of evolution for standard Hahn spin-echo mea-
surements, while it is still visible at 40 us for the CPMG experiment. The
drop-off in echo signal after 45 us seen in Figure 5.9 is not present in more
recent data taken after cycling the PPMS. We believe this drop-off may have
been due to temperature control problems that have now been resolved. More
recent data fits better to an exponential decay function but gives very similar
results to the T, measurements presented here.

Figure 5.10 shows T, measured using a CPMG sequence at two magnetic
field values (at and away from the clock transition, respectively), as well as
the magnetic field dependence of T, from a Hahn spin-echo experiment. At
both fields, we observe an increase in T, by a factor of roughly 2.5. The
delay time between consecutive refocusing m pulses in the this experiment
was 1100 ns, while the delay time between the 7/2 and 7 pulses was 550
ns. As discussed in chapter 3, CPMG is expected to mitigate the effects of
decoherence mechanisms that occur on a time scale comparable to the delay

between pulses, since each successive pulse will refocus the spins on that time
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Figure 5.9: Echo decay for CPMG pulse sequences at and away from the clock
transition, for a 107% sample in deuterated toluene. At the clock transition,
an echo can still be seen for evolution times longer than 40 ps. The sharp
drop off around 45 ps has been eliminated in more recent experiments.

scale. This suggests that some, but not all, of the decoherence we see is caused

by processes that take place on time scales of a few microseconds.
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Figure 5.10: Comparison of 75 vs. magnetic field using CPMG and Hahn echo
sequences. The sample concentrations shown here are both below the threshold
for Ty to be independent of dilution (107% for the standard spin-echo and
107% for the CPMG sequence).
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Chapter 6

Conclusion

The goal of this thesis was to characterize the physical processes leading to
decoherence in the MNM Cr;Mn and to identify techniques to mitigate the
effects of decoherence. This goal is motivated both by an inherent interest
in studying decoherence mechanisms in quantum systems and by the poten-
tial applications for MNM’s in quantum computing applications, which would
require long enough coherence times to permit high-fidelity gate operations.
We first demonstrated the ability to measure 75 in our Cr;Mn molecules by
conducting spin-echo experiments and observing the decay in echo size with
evolution time. This allowed us to measure 75 while varying parameters such
as magnetic field, temperature, sample dilution and solvent properties. We
found that 7T, was enhanced at zero magnetic field, providing strong evidence
for an atomic-clock transition, where the spins’ states are immune to first
order from fluctuations in local magnetic field. The result that 75 is enhanced

at a clock transition suggests that dipolar interactions with neighboring spins

7



are a limiting factor on coherence times in our system. Further supporting
this conclusion is the fact that reducing our sample concentration from 1%
to 1072% increased T}, values at the clock transition. At lower concentrations
we saw only small changes from the 1073% samples, suggesting that we have
reached the dilute limit in which dipolar interactions between molecules are
not a major limiting factor on T5.

We also attempted to test whether dipolar interactions with spins in the
solvent (toluene or benzene) were limiting 75. We found no perceptible effect
of solvent deuteration at the clock transition, although there appeared to be a
small effect away from the transition. We also got very similar results between
toluene and benzene, with the one important difference being that in benzene
T, did not appear to change significantly with concentration for concentrations
up to 1%, in contrast the results in toluene. Hence we can conclude that dipolar
interactions with spins in the solvent are not a major limiting factor on T,
although further investigation is required.

Finally, we found that T, increases at low temperatures, with 1/75 scaling
linearly with temperature with roughly the same slope at and away from the
clock transition. This suggests that the temperature dependence of T5 is not
due to dipolar interactions, but rather to phonon-mediated interactions that
will not be affected by the clock transition. Moreover, the vertical intercept
of the dependence was higher away from the transition, consistent with our
expectation that dipolar interactions will contribute more to decoherence away
from the transition, thus shifting the decoherence rate up by a constant at all

temperatures.
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Thus, we have succeeded in isolating the effects of two different decoherence
mechanisms and identified the factors that affect each mechanism, allowing us
to reduce decoherence from each mechanism independently. We were also
able to learn something about the rate of some sources of decoherence by
conducting CPMG experiments. Specifically, we found an increase in T3 by
about a factor of three relative to the result from the standard Hahn spin-echo
procedure, both at and away from the clock transition when using CPMG
pulse sequences with pulse spacing on the order of 1 ps. This suggests that a
significant portion of decoherence processes in our system occur on timescales
of microseconds to tens of microseconds.

The results of this work suggest many possible directions for future exper-
iments, several of which could be conducted fairly easily with the techniques
and apparatus developed for this project. Firstly, we would like to extend our
study of temperature dependence to include temperatures at least an order
of magnitude lower than 1.8 K, the lowest achievable temperature with the
PPMS. Since our samples and resonators are easily transportable, this could
be done using a dilution fridge in another lab. As described in section 5.4, the
decoherence rate 1/T; should scale linearly with the number of phonons in our
system, which we expect to follow a Bose-Einstein distribution. Therefore, it
would be informative to see whether the linear dependence observed thus far
is indeed the high temperature limit of such a distribution or whether other
decoherence mechanisms come into play at low temperatures.

We would also like to further explore CPMG and other dynamical decou-

pling procedures such as concatenated dynamical decoupling [31] [32] to char-
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acterize the noise spectrum in our experiments. Our most recent data does
not show the sudden drop-off in echo signal signal seen in Figure 5.9, and we
therefore plan to next fully characterize the dependence of T, on temperature
and other parameters of interest using CPMG sequences.

In addition, there are many experiments that could easily be conducted
using slight variations on our Cr;Mn molecules or solvents that would further
probe the decoherence mechanisms in our experiments. For instance, Ardavan
et al. [10] observed an increase in T; when using deuterated Cr;Ni samples and
it would be interesting to see whether a similar effect is observed in Cr;Mn and
especially at the clock transition. Another interesting experiment would be to
use a variant of Cr;Mn with a more rigid bond structure, which may reduce
the effects of phonon-mediated processes since individual molecules would be
less susceptible to vibrations, leading to less variation in the energy splitting
2F over time. We have already contacted Richard Winpenny’s group about
the possibility of preparing such samples in the near future.

With only slight modifications to our existing apparatus, we should be able
to observe two-photon transitions between the |+) and |—) states, provided
we can get a strong enough RF magnetic field at the sample location during
the pulses. The results of our Rabi experiments (section 5.6) suggest an RF
field amplitude of 5.6 Oe in the loop when using our thickest resonator. We
could likely get even larger amplitudes by acquiring an additional amplifier or
carefully designing a new resonator.

One final exciting direction for this project would be to use dimers of Cr;Mn

to construct a two-qubit quantum logic gate, as described briefly in chapter 1.
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This has already been investigated by another thesis student, Michael Cha, this
year, with some promising results, and in this thesis we have shown that we can
achieve long enough coherence times to make basic gate operations feasible.
Nonetheless, there are many obstacles remaining, including the questions of
whether dimer samples will maintain their coupling when dissolved in toluene
or benzene and how we can design a resonator and pulse sequences to interact
with both molecules in a dimer in the same experiment.

Thus our study of decoherence mechanisms in Cr;Mn has proved to be a
fruitful endeavor and suggests other possible experiments, many of which are
quite feasible with slight modifications to our current techniques. We have
already achieved coherence times that could make Cr;Mn an attractive can-
didate for applications in quantum computing and paved the way for further
investigations of decoherence mechanisms in MNM’s. It is my hope that this
work will lead to more research into decoherence mechanisms and quantum

computing applications in MNM’s.
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Chapter 7

Appendix A

Here I give an example calculation showing how to prepare dilute samples
of Cr;Mn. Suppose we want to prepare a sample using m grams of Cr;Mn
crystal. The density of Cr;Mn is p = 0.582 g/cc, so the volume of this crytal
sample will be

‘/c:

m
p

(7.1)

Then to prepare a 1% solution (by volume), for example, we want to use a

volume V; of solvent such that

1 W
100 V,+V.

~
~

= 7.2
i (7:2)

AN

where the approximation in the second equality is good for very dilute samples,

since then V, >> V.. Solving for V; then gives

B 100m
P

Vs

82



Now suppose we later want to make a more dilute sample. Since it is difficult
to measure out very small amounts of Cr;Mn powder, we do this by further
diluting a portion of our existing 1% sample. For two samples with the same
quantity of Cry;Mn powder and different volumes of solvent, V; and V5, the

concentrations C; and Cs of the two samples respectively will be related by

C Vz
12 (7.4)
C; W

Thus, given a desired sample concentration and an existing sample with known

concentration and volume, we can use equation 7.4 to find the volume of solvent

we should add to make the new sample.
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