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Summary

Light-matter interaction at single quantum object level is a long-lived challenge and
dream of physicists. From the 1970s, the development of single ion spectroscopy and the
observation of single photon states pave a way to a new era of detecting, and coherently
manipulating quantum objects with electromagnetic field at single-ion levels. Later
on, the invention of single molecular spectroscopy offers a new approach to investigate
single quantum objects in condensed matter, where the sophisticated trapping systems
like in ions and cold atoms are not needed, resulting in the discovery of various of
single photon emitters embedded in solids. Among all, single quantum dots and single
negatively charged nitrogen-vacancy centers in diamond attract most attentions, since
their single spins can be coherently manipulated and entangled by the light field giving
rise to numerous applications from nanoscale sensing to quantum computing. They are
intensively studied as the most promising candidates for the realization of solid-state
quantum bits. However, these systems coupled to a complex environment which can
result in rapid loss of spin coherence or optical instability. Finding an alternative
solid-state single system with remarkable optical and spin properties is the motivation of

this dissertation.

Rare earth ions doped in inorganic crystal hosts provide promises not only by the high
quality factor 4f <> 4f optical transitions but also by the well preserved and long-lived
spin states, with the applications from solid-state laser spectroscopy to quantum
information processing. However, for almost three decades, not being able to identify sin-

gle rare earth elements in solids is the obstacle to achieve their full potential functionality.

We demonstrated the first direct optical detection of single rare earth ions (praseodymium)
in solids in 2012. This research was covered in my Master Degree Thesis. This dis-
sertation presents experimental progress in optically detecting other single rare earth
species in crystals, understanding their fundamental spectroscopy properties and co-
herently controlling them, which is mainly focused on single trivalent cerium ions in

different host materials. Following the optical detection of single cerium ions in yttrium



aluminum garnet (YAG), the optical and spin properties of single Ce ions are investigated.

Single Ce ions show good photostability under the pulsed laser excitation. Still, like in
other solid emitters, photo-induced dynamics of single Ce ions is observed, however, in a
counterintuitive way under the continuous laser irradiation. To understand this behavior,
we proposed a charge dynamics model, and developed a novel method to suppress
this undesired charge dynamics. With this approach, we obtain the photoluminescence
excitation spectrum of single Ce ions in YAG under a CW laser excitation. Narrow
(~ 80 MHz) and spectrally stable optical transitions between the lowest Kramers
doublets of the ground and the excited states are observed. In comparison with the
large inhomogeneous broadening (~500 GHz), narrow resonant transitions provide the
good selectivity in the spectral domain. Moreover, the single Ce ground spin state
presents a spin 1/2 system with anisotropy g factor. It results in the optical selection
rules dependent on the directions of the external magnetic field. Under parallel external
magnetic field with respect to the quantization axis, only the spin-flip transitions are
allowed with high transition contrast. It gives the opportunity to optically initialize the

ground spin state of single Ce ions with 97.5% fidelity.

The coherent spin properties of single Ce ions can be investigated, after the successful
optical initialization. By scanning the microwave frequency, we obtain the electron spin
resonance of single Ce spin transitions. We show the spin state has a coherence time
of 290 ns, which is dominated by the surrounding aluminum nuclear spin bath and
impurities induced electron spin bath. The coherence time can be extended to 2 ms
through dynamical decoupling method, which approaches closely to the upper limit
4.5 ms due to spin-lattice relaxation. This result indicates single Ce electron spin can be

a good solid-state qubit.

With the combination of optical and spin manipulations of single Ce ions, a quantum
interface between a single spin and a single photon is observed by monitoring the
temporal behavior of circularly polarized emission photons from the ion. We obtain the
Larmor precession of the excited spin state, indicating the direct mapping of the excited
spin states of single Ce ions onto the polarization states of the fluorescence photons.
Furthermore, with both optical and spin access, we all-optically demonstrate coherent

population trapping of a single Ce spin qubit.

To scale up the system for further applications, we present the nano-scale engineering of



rare earth species in YAG crystal, with the acquirement of the production yield of Ce
and Pr implantation (53 and 91% respectively). The optical and spin properties of single
implanted Ce ions show fairly good performance, which paves the way towards coherent

coupling of single rare earth qubits in a small volume.

Besides the study of single Ce ions, the spectroscopy properties of single praseodymium
ions in YAG crystal are investigated. We obtain the photoluminescence excitation
spectrum and the hyperfine splitting of a single praseodymium ion. All-optical control of

a single praseodymium ion is achieved.

In this dissertation, we solve the key problem of optically detecting, spectrally study-
ing and coherently manipulating single rare earth ions in solids. The developed methods
including optical detection, initialization, readout, coherent control and nanoscale pro-
duction of single rare earth elements in crystals offer novel and powerful tools for un-
derstanding and exploring the fundamental spectroscopy properties of single rare earth
elements in solids. It paves a way towards constructing scalable quantum network based

on single rare earth solid-state qubits.






Zusammenfassung

Die Wechselwirkung von Licht mit Materie auf Ebene einzelner Quantenobjekten ist
seit langem eine Herausforderung und zugleich ein Traum vieler Physiker. Seit 1970
ebnete die Entwicklung der Spektroskopie einzelner Ionen und die Moglichkeit einzelnen
Photonenzustanden zu untersuchen den Weg fiir ein neues Zeitalter der Detektion und
Manipulation von Quantenobjekten mit elektromagnetischen Feldern auf einzel Ionen-
Niveau. Spater fiithrte die Erfindung der Einzel-Molekiil-Spektroskopie zu einem neuen
Ansatz um auch einzelne Quanten-Systeme in Feststoffen zu untersuchen. Neben einer
Vielzahl solcher Systeme sind insbesondere Quantenpunkte und die negativ geladenen
Stickstoff-Fehlstellen im Diamant interessant, da deren Spinsystem sowohl kohéarent
manipuliert als auch mit anderen Quantensystemen verschrankt werden kann, was ein
breites Spektrum an Moglichkeiten im Bereich der Nanosensorik und des Quantencom-
putings erdffnet. Solche Quantensysteme gelten als die aussichtsreichsten Kandidaten fiir
die Realisierung von Festkorper Quantenbits und werden intensiv erforscht. Allerdings
sind diese Systeme oft in einer komplexen Umgebung eingebunden und konnen zu
einem rapiden Verlust von Spinkohérenz, oder zu einer optischen Instabilitat fiihren. Die
Entdeckung eines alternativen Festkorper-Einzelsystems mit ausgepragten optischen und

Spin-Eigenschaften bildet die Motivation dieser Dissertation.

Elemente der Seltenen Erden- dotiert in anorganischen Kristallen zeigen nicht nur hohen
Qualitatsfaktor des optischen 4f <+ 4f Uberganges, sondern auch die gut erhaltenen
und langlebigen Spinzustdnde versprechen Anwendungen in der Festkorper Laserspek-
troskopie zur Quanteninformationsverarbeitung. Doch seit fast drei Jahrzehnten wurden
keine einzelnen Elemente der seltenen Erde in Feststoffen mehr detektiert, sodass das

Funktionspotential nicht voll untersucht werden konnte.

Die erste direkte optische Detektion einzelner Ionen der seltenen Erden (Praseodym)
in Feststoffen wurde von uns im Jahr 2012 gezeigt, was Gegenstand meiner Masterab-
schlussarbeit war. Diese Dissertation befasst sich mit den experimentellen Fortschritt zur

optischen Detektion anderen Elemente der Klasse der seltener Erden in Kristallen, sowie
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das Verstandnis ihrer fundamentalen Spektroskopie-Eigenschaften und die zugehorige
Manipulation deren Spin-Subsystems dar. Dabei liegt der Fokus dieser Arbeit auf die
Untersuchung einzelne dreiwertige Ceriumionen in unterschiedlichen Einbettungsmateri-
alien wie zum Beispiel Yttrium-Aluminium-Granat (YAG). Nach der optischen Detektion
einzelner Ceriumionen werden die Spin- und optischen FEigenschaften der Ce-Ionen

untersucht.

Einzelne Ce-Ionen zeigen dabei eine gute Photostabilitat bei gepulster Laseranregung.
Wie in anderen Festkorperemittern wird auch bei einem einzelnen Ce-Ion photoinduzierte
Dynamik beobachtet, jedoch entgegen der vorherigen Erwartung unter kontinuierlicher
Laserbestrahlung. Um dieses Verhalten zu verstehen, entwickelten wir ein Model fiir
die zugrundeliegende Ladungsdynamik und realisierten ein neues Verfahren zur Un-
terdriickung unerwiinschter Dynamiken. Mit diesem Ansatz sind wir nun in der Lage
das Photolumineszenz-Anregungsspektrum eines einzelnen Ce-lons in YAG unter CW
Laseranregung zu untersuchen: Schmalrandige (~80 MHz) und spektral stabile optische
Ubergiinge zwischen den niedrigsten Kramers Dubletten des Grund- und der Angeregten
Zustande werden beobachtet. Im Vergleich zu der groflen inhomogenen Verbreiterung
(~500 GHz) bieten schmale Resonanziibergénge eine gute Selektivitat im Spektralbere-
ich. Dartiber hinaus besitzt der Grundzustand von Ce eine Spin % System mit anisotropen
g-Faktor. Daraus ergeben sich optische Auswahlregeln abhangig von der Richtung des
auBeren Magnetfeldes. Wenn ein externes Magnetfeld parallel zur Quantisierungsachse
des Ce-Tons angelegt wird sind nur Spin-flip-Ubergéinge mit hohem Ubergangskontrast
erlaubt. Es ergibt sich daraus die Moglichkeit den Spin Zustand eines einzelnen Ce-Ions

optisch mit einer Giite von 97,5% zu initialisieren.

Die koharenten Spineigenschaften einzelner Ce-lonen werden nach einer erfolgreichen
optischen Initialisierung untersucht. Durch variieren der Mikrowellenfrequenz wird die
Elektronen Spin-Resonanz einzelner Ce-Spiniibergénge identifiziert. Wir zeigen, dass
der Spinzustand eine Kohérenzzeit von 209 ns besitzt, die durch die umliegenden
Aluminiumkerne und von Verunreinigungen induziertem Spin-Bad dominiert wird. Unter
Verwendung von Entkopplungssequenzen konnte die Kohérenzzeit auf 2 ms verlangert
werden. Diese ist nahe der durch andere Spin-Gitter-Relaxationen vorgegebenen Ober-
grenze von 4,5 ms. Dieses Resultat zeigt, dass einzelne Ce-Eletronenspins ein gute
Solid-State-Qubits darstellen.

Durch die Kombination von optischer und Spin-Manipulation einzelner Ce-Ionen ergibt

sich eine Quantenschnittstelle zwischen einem einzelnen Spin und einzelnen Photon.
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Abhéngig vom Spin Zustand emittiert ein Ce-lon entweder rechts oder links zirkular
polarisierte Photonen. Dartiber hinaus demonstrieren wir mit einem rein optischen

Spinzugang ganzlich die koharente Population Trapping eines einzelnen Ce-Spin Qubits.

Um das System fiir weitere Anwendungen zu skalieren, prasentieren wir das Engineering
von seltenen Erdspezies im YAG-Kristall mit der Gewinnung der Produktionsausbeute
von Ce- uns Pr-Implantationen (53% bzw. 91%). Die optischen und Spineigenschaften
von einzelnen implantierten Ce-Ionen weisen recht gute Leistung auf, die den Weg zur

koharenten Kopplung von einzelnen seltenen Qubits in einem kleinen Volumen ebnen.

Neben der Studie von einzelnen Ce-lonen werden die spektrosopischen Eigen-
schaften einzelner Praseodymionen im YAG-Kristall untersucht. Wir erhalten das
Photolumineszenz-Anregungsspektrum und die Hyperfeinaufspaltung eines einzelnen
Praseodymions. Eine ganzheitliche optische Steuerung eines einzelnen Praseodymion

wird erreicht.

In dieser Dissertation losen wir das Schliisselproblem der optischen Detektion, bestimmen
die spektralen Eigenschaften und zeigen kohédrente Manipulation von einzelnen seltenen
Erden in Festkorpern. Die entwickelten Methoden einschliefSlich der optischen Detektion,
der Initialisierung, des Auslesens, der kohédrenten Kontrolle und der Produktion einzel-
ner Elemente der seltenen Erden in Kristallen auf Nanoebenen bieten neuartige und
leistungsfahige Werkzeuge fiir das Verstandnis und die Erforschung von grundlegenden
spektroskopischen Eigenschaften von einzelnen seltenen Erdelementen in Feststoffen. Sie
ebnen den Weg in Richtung eines skalierbaren Quantennetzwerkes, welches auf einzelnen

Seltenerden-Qubits in Festkorpern basiert.
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Chapter 1

Introduction

The observation and manipulation of quantum objects at single particle level is a long-felt
challenge and aspiration for physicists since it reveals light-matter interaction in a most
fundamental and microscopic point of view. It also opens a door to a new era of exploring
novel physics phenomena such as quantum electrodynamics with extreme precision, single
ion spectroscopy and the investigation of quantum mechanics at the most fundamental
level. In 1977, Jeff Kimble and coworkers observed the photon antibunching behavior
in diluted sodium atoms [1]. It indicates the detection at single photon level, which is
regarded as the building block of modern quantum optics [2—4]. In 1980, Toschek’s group
reported the first observation of single Ba® ions in a Paul trap [5,6]. The isolation,
detection, and manipulation of single ions give a new platform for observing and coher-
ently controlling individual quantum objects without destroying their quantum nature [7].

Instead of using restricted and sophisticated trapping systems like in cold atoms and
trapped ions, the exploration of light interaction with stable single quantum objects in
condensed matter is more desired by physicists. William Moerner and Michel Orrit, first
demonstrated the detection of single pentacene molecules in a p-terphenyl crystal [8,9].
The development of single molecular spectroscopy offers a novel and powerful tool for
studying and exploring new physical effects [10].

The discovery and exploration of different types of single photon emitters embedded in
solids attracted the curiosity and interests from a wide range of scientists. Single dye
molecules [11-14], quantum dots [15-17] and point defects in crystals [18-23] have been
investigated, while their quantum properties are explored for many applications from
quantum physics [24-26], to super-resolution microscopy [27-33]. Among solid-state single
emitters, atomic-like quantum dots present fascinating optical properties [15,34-36] and
negatively charged nitrogen-vacancy (NV) centers in diamond display great coherence
properties [37-40] which provoke considerable attentions. Their individual spins can be
coherently manipulated, measured and entangled by electromagnetic fields [41-46]. They
are intensively studied as one of the most promising candidates for the realization of
quantum bits [47-52]. However, these systems coupled to a complex environment which
often results in rapid loss of spin coherence or optical instability [53-58]. Finding other
species detectable at single-quantum-object level with distinct spin and optical properties
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would attract broad interests in academia. It would also unleash new applications based
on quantum effects and result in deeper insights into fundamentals of physics. Rare
earth ions doped crystals showing distinguished optical and spin properties are potential
candidates for this purpose.

One of the remarkable features of rare earth elements doped into crystals is that the un-
paired electron in the 4f level is efficiently screened by the filled 5s and 5p states [59],
resulting in sufficient decoupling from the local electrical noise [60]. It yields long coherence
times of both optical and spin transitions [61-63]. The shielded 4f states show robust-
ness against environmental fluctuations, and therefore present negligible spectral jump
and diffusion. The 4f <> 4f transitions display high-quality factors with narrow resonant
linewidths [64-66]. The exploration of rare earth doped crystals led to many applications
in optics such as solid-state laser spectroscopy [67-69], electric field sensing [70], biologi-
cal label [71,72], and super-resolution microscopy [73,74]. In addition, rare earth doped
crystals are one of ideal hosts for solid-state quantum information processing [61, 62].
Examples include the quantum storage of the single photon state in Nd3T:YVO, [75],
preservation of entanglement after photon storage and readout in Nd*T:Y,SiOj [76], stor-
age of quantum information in Pr®™:Y,SiO5 [77-80], etc. Last year six hours coherence
time of Eu™:YSO nuclear spin transition has been demonstrated [63]. Ideas of construct-
ing scalable quantum computer based on rare earth qubits have been proposed [81,82].

All the applications mentioned above were performed with ensembles of rare earth
elements. With the detection of single rare earth ions, however, exploiting their full
potential in the field of solid-state quantum optics can be attempted. Not only the
macroscopic picture, but also the microscopic picture of rare earth ions can be acquired
and studied. The detection of single rare earth ions provides a new and novel approach for
investigating the fundamental spectroscopic properties of solid-state rare earth dopants.
In addition, their long-lived spin states can be explored as single qubits, which could be
the building block for constructing universal quantum computers based on single rare
earth solid-state qubits. However, the detection and manipulation of single rare earth
color centers at single-ion level are remaining challenging. In 2012, our group reported the
first solid proof of single rare earth ion detection [83]. Followed by this pioneering work,
this dissertation is mainly focused on the spectroscopy of single rare earth solid-state
qubits. It is organized in the following way:

In Chapter II, a comprehensive overview of detecting single rare earth ions in solids
is given. Since this dissertation is mainly focused on single praseodymium and cerium
ions in crystals, the basic physical and optical properties of trivalent praseodymium and
cerium doped crystal are introduced.

Chapter III presents the optical detection of single trivalent cerium ions in ultra-pure
YAG bulk crystal under ambient conditions. The single Ce emitters are detected and
confirmed by the second order correlation measurements, emission spectrum and excited
states lifetime. We show that the excited spin state of single Ce:YAG can be optically
initialized due to the special optical selection rule. With the observation of the Larmor
precession of single Ce excited state spin transitions, we also obtain the coherent
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properties of excited state spin transition in single Ce doped YAG crystal.

In Chapter IV, the ground spin states of single Ce in both YAG and LuAG crystal are
optically initialized and readout with high fidelity. The coherent properties of single Ce
ground spin states are investigated. Furthermore, with dynamic decoupling technique,
the decoherence time of single Ce:YAG spin transition is extended to 2 ms. We also
acquire the noise spectrum of single Ce electron spins. The results in this chapter offer a
new opportunity of exploring single Ce spin qubits for quantum devices.

Chapter V gives the counterintuitive charge state dynamics of single Ce ions under
CW laser excitation. A method is developed to suppress the CW laser induced photo-
ionization, which removes the obstacle of addressing single Ce spin states all-optically. A
proposed model is raised to understand this underlying progress.

In Chapter VI, high resolution spectroscopy of single Ce ions in YAG is performed. The
optical transitions between the ground and excited states show narrow and spectrally
stable lines. By using these optical transitions, all-optical preparation of coherent dark
states in single Ce electron spin sublevels has been demonstrated. It is an essential step
towards all-optical control of single rare earth qubits.

Chapter VII shows the optical detection and resonant excitation of single trivalent
praseodymium ions in bulk YAG crystal in cryogenic temperature. The optical tran-
sitions of single Pr ions present stable and narrow lines. The ground state hyperfine
splitting of a single Pr ion has been resolved. We also demonstrate the coherent driving
of a single Pr ion all-optically.

Chapter VIII presents the nano-scale engineering of rare earth species in YAG crystal
by means of ion implantation. The production yields of Pr** and Ce3* are estimated to
be 91% and 53%. The optical and spin properties of single implanted Ce ions have been
investigated showing fairly good performance, which paves the way towards coherent
coupling of single rare earth qubits in a small volume.

Chapter IX introduces the outlook of this dissertation, with the preliminary results of
reading out single Pr nuclear spin state by coupled single Ce ions. We also show the
evidence of resolving individual trivalent Ce ions in low-spin bath X2-Y5SiO5 crystal. At
the end, cavity quantum electrodynamics in single rare earth ions has been proposed,
which is an essential step towards constructing scalable quantum network based on rare
earth solid-state qubits.






Chapter 2

General background

Rare earths are elements of the Lanthanide series. As dopants in solids, they have
captured the attention of scientists for more than half a century, since their parity
forbidden 4 f <+ 4f transitions give rise to narrow transition linewidths with high quality
factors [61]. Meanwhile their partially filled 4f electrons are efficiently screened by the
filled 5s and 5p orbitals [59] (see Fig. 2.1) where the 5s and 5p shells are acting as a Fara-
day cage and protect the inner 4 f states from local environmental perturbations. This is
the reason why unpaired 4f electrons of rare-earth impurities present weak coupling to
surroundings, which results in well preserved optical and spin transitions [60,84]. Owing
to these fascinating properties, rare earth color centers embedded in solid state hosts
have been widely investigated , with applications ranging from laser spectroscopy [67-69],
biotechnological sensing [71, 72] to quantum information processing [62, 75, 78, 85].
Detection of single rare earth ions in solids will offer a microscopic method to study the
rare earth ions and enrich more potential. It especially opens a new way of studying and
exploring single rare earth ions as single solid-state qubits.

In this chapter, a comprehensive overview of solid-state based single rare earth ion de-
tection will be introduced. Two different approaches to resolve single ions in solids are
given. Since this dissertation is mainly focused on single praseodymium and cerium ions
in crystals, the basic physical and optical properties of trivalent Pr and Ce ions doped
in YAG crystal are presented. Meanwhile, the optical properties of Ce doped LuAG and
YSO crystal are also introduced.

2.1 Detection of single rare earth ions in solids

Optical detection of single rare earth ions in solids is an arduous challenge in the field. In
1988, R. Lange et. al., claimed for the first time the observation of single Sm** ions in
CaFy crystal [86], however, the presented data could not proof the detection of impurities
at single-ion level. Followed by this work, a couple of groups reported the indirect and non-
persuasive evidence of finding single rare earth ions in solids in the last two decades [87-89].
None of the methods are suitable for detecting and exploring single rare earth ions as single
qubits. So far, single rare earth ions in solids can be detected by two distinct approaches,
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Figure 2.1: (a) Electronic ground state of rare earth ions. (b) A theoretical calculation of the
radial distribution of the orbitals of Gd ions. The 4f electron state is screened by 5s and 5p
levels. The figure is reproduced from [59].

namely optical microscopy approach and single electron transistor (SET) approach.

2.1.1 Resolving single rare earth ions under optical microscopy

Optical spectroscopy of single molecules in condensed phase usually suffers from low
fluorescence yield. High excitation laser intensity, high collection efficiency and high signal-
to-noise ratio are essential requirements to measure the weak fluorescence from the single
photon emitters. Laser scanning optical microscopy can provide high laser intensity with
high sensitivity which satisfies all demands. It also offers exceptional resolution in both
spatial and spectral domain. Laser scanning optical microscopy is developed as one of the
standard tools to detect and manipulate single quantum objects in solids [9, 18].

In the past decades, people are keen on studying and exploring the 4 f <+4 f transitions for
single rare earth ions detection, since these transitions present high quality factor. How-
ever, the 4f <»4f transitions are parity forbidden transitions [65], and hence have rather
weak oscillator strength. Moreover, the optical lifetime of the excited states is usually
in the time scale from microseconds to milliseconds [90]. These parity forbidden transi-
tions yield low excitation-emission-reexcitation cycling efficiency. Normally, the cycling
efficiency is within 100~100,000 Hz. If the collection and detection efficiency of the opti-
cal microscope further is considered, typically low efficiencies unavoidably prevent single
rare-earth ions in solid state hosts to be detected.

This intrinsic brightness obstacle of weak fluorescing rare earth ions can be overcome by
promoting the 4f™ electrons onto the higher lying 4f" !5d states. The parity allowed
4f"15d — 4f™ transitions present strong oscillator strength [91]. The lifetime of the
4 f"~15d excited states is much shorter (10-100 ns range). Thus a couple of orders stronger
emitted photon flux can in principle be obtained. It offers the possibility to identify rare
earth ions at single-ion level with optical microscopy.

Based on this perspective, in 2012 for the first time, we directly detected single rare
earth ions in solids, namely a single trivalent praseodymium ion in a YAG crystal [83].
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Figure 2.2: Optical detection of a single Pr ion in YAG crystals. (a) SEM image of an individ-
ual 2 ppm concentration Pr:YAG nanoparticle. (b) Upconversion fluorescence scanning image
of Pr:YAG nanoparticles. (¢) The second order correlation function measurement of a single
Pr:YAG nanoparticle, marked with a circle in (b), presenting photon-antibunching behavior.
(d) The excitation spectrum of a single Pr:YAG nanoparticle. (e) Upconversion fluorescence
scanning image of an ultra-pure YAG crystal, displaying individual bright spots. (f) The sec-
ond order correlation function measurement of an individual Pr ion in YAG crystal, showing
photon-antibunching behavior.

In the experiment, the 4f2 — 4f5d transition of Pr:YAG was accomplished by excited
state absorption, where Pr ions were excited through *H, (4f) =3 Py (4f) — 4f5d
states [92]. Due to 18 ns optical lifetime of the 4f5d state [93], this upconversion
process hence results in at least 400 times stronger photon flux in comparison with
3Py (4f) —3 Hy (4f) transitions. With this enhancement, we found a nanoparticle showing
photon anti-bunching behavior, marked with a red circle as shown in Fig. 2.2(b). The
second order correlation function measurement (Fig. 2.2(c)) and excitation spectrum
(Fig. 2.2(d)) [94] of the nanoparticle provide the unambiguous confirmation that the
marked spot is a single praseodymium ion in a YAG nanoparticle. Furthermore,in one
of the ultra-pure YAG crystal (the purest YAG crystal we found so far), single Pr
ions can be optically resolved (see Fig. 2.2(e)). The second order correlation function
measurement (Fig. 2.2(f)) proofed that the individual spots correspond to single Pr
ions in YAG bulk crystal. The detection of single rare earth ions in solids provides
the opportunity of exploring single Pr ions as a building block for quantum computers [95].

Two years later, V. Sandoghdar’s group from Max Planck Institute for the Science
of Light and Matsushita’s group from Tokyo Institute of Technology resolved individ-
ual praseodymium ions in the spectral domain by single molecular microscopy tech-
nique [74,96]. Sandoghdar’s group introduced the combination of a solid-immersion lens
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Figure 2.3: Detection of single praseodymium ions by single molecular spectroscopy. (a)-(c)
PLE spectrum of praseodymium ions in an YSO nanoparticle. (d)-(e) PLE spectrum of single
praseodymium ions in LaFs crystal. Figures are reproduced from [74] [96].

with nanoparticles to enhance the collection efficiency of the optical microscopy. While
Matsushita’s group utilized the high collection efficiency reflecting objective. Both groups
took advantage of high spectral selectivity due to the narrow linewidth 4f — 4f tran-
sitions of Pr ions in crystals (see Fig. 2.3). At cryogenic temperature, with the help of
narrow linewidth laser, single praseodymium ions were identified in the frequency domain.
However, even with the help of modern optical technology, the 4f — 4 f transitions result
in extremely weak fluorescence yield with only 100 Hz count rate and low signal-to-noise
ratio, which blocks the further applications, like exploring individual rare earth ions as
single rare earth qubits.

2.1.2 Resolving single rare earth ions by SETs

Single electron transistor (SET) as an electronic device, is able to monitor electron tunnel-
ing by an amplified current, which has a sensitivity on the single electron level [97]. It was
invented for more than two decades ago. Recently, SETs are applied to readout charge
dynamics of single quantum objects in solids [98-100]. It offers a way to electronically
drive and readout single electron spins. SETs can be used to detect the photo-ionization
of a single rare earth ion in solids.

In 2013, S. Rogge’s group from University of New South Wales reported the detection
of single Er** in silicon by a SET [101]. It is the second species of rare earth ions
resolved at single-ion level. In the experiment, a SET is fabricated on an Er doped Si
crystal (see Fig. 2.4(a)). When an individual Er ion is excited, it has a chance to be
photo-ionized. In this case, the Er ion losses an electron. It results in the transient shift
of the current and gate voltage in the single electron transistor (Fig. 2.4(b) - (d)). The
excitation spectrum of a single Er ion is also obtained (Fig. 2.4(e)), presenting 50 neV full
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Figure 2.4: Detection of an individual erbium ion in silicon. (a) A single electron transistor
fabricated on top of the Er doped Si. (b) The charge sensing scheme. When an individual Er
ion is excited, it has a chance to be photo-ionized. The Er ion losses an electron. It results in
the transient shift of the current with gate voltage. (¢) The current-time trace when the Er is
excited. (d) The current-time trace when the Er is excited. (f) The excitation spectrum of an
individual Er ion in Si, presenting 50 neV FWHM. Figures are reproduced from [101].

width at half maximum (FWHM). However, this technique is based on a single electron
transistor which readout the photo-ionized individual Er ions electrically. A SET has to
be implanted in small band gap host, for example, Si based SET has only 1.1 eV band
gap, which is not suitable to implant other species of rare earth impurities at single-ion
level. On the other hand, the SET requires complex fabrication method, with manufac-
ture at nanoscale. It is technically challenging to integrate several SETs in a small volume.

Another approach of single rare earth ion detection has been proposed. If a single rare
earth ion is coupled to a high finesse photonic cavities, the optical lifetime of the excited
state will be shortened due to the Purcell effect [63]. The excitation-emission-reexcitation
cycling efficiency will be enhanced by the optical cavity, which make the detection of
single rare earth ions possible. It has also the potential of demonstrating cavity quantum
electrodynamics effect including the interfacing of single rare earth ions with single

photons. However, the observation of cavity coupled single rare earth ion has not yet
been demonstrated.

In comparison with different techniques of single rare earth ion detection, utilizing the
parity allowed 4f™ — 4" 15d transitions result in the high fluorescence yield with high
signal-to-noise ratio, which is the major technique used passive instead of active in this
dissertation to detect, coherently manipulate and readout single rare earth ions.
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2.2 Potential candidates on the single ion detection

One fundamental question is raised from the previous section whether it is possible to
optically detect and coherently address the other species of rare earth impurities at single-
ion level.

There exist 17 elements in lanthanide series. They are marked with red squares in the
chemistry table (Fig. 2.5). More than 290 types of rare earth doped laser glasses have
been synthesized so far, for example, Y5SiO5, LiYFy, LiF3, CaF,; and NYF4, etc. Finding
suitable rare earth species doped in certain laser glasses is essential to detect single rare
earth ions in solids. Towards the optical detection of single rare earth ions in solids through

the 4f™ <+ 4f"~15d transitions, several fundamental and technological requirements are
raised:
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Figure 2.5: Element table, with rare earth elements marked with red squares.

1. Optical properties of the emitters. For most of rare earth elements the high efficiency
4f" — 4f"15d transitions normally occur in the UV range [102]. However, with the
current technology, the performance of the optical microscopy in UV range is unsatisfied.
Especially if the wavelength is shorter than 350 nm, the transmission efficiency of the
optics, the achromaticity of the UV objective lens, and the detection efficiency of the
single photon detectors are dreadful. In addition, UV laser is uncommon and difficult to
efficiently operate. While optical microscopy operating in the visible spectral range is a
mature technology . It displays much better performance in terms of optical transition,
and detection efficiency. Most solid-state based single photon emitters have been
detected in the visible spectral range [14,16]. Finding the rare earth doped solids which
their 4 ™ — 4"~ 15d transitions are in NUV and visible range, is critical in this approach.
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2. The quality of the crystal. Individual impurities can be optically resolved in either
spatial or frequency domain. Normally single emitters embedded in condensed matter
phases suffer with spectral jumps and diffusions [58, 103, 104], which broaden the
transition linewidths and spoil the spectral properties of single ions. Thus resolving
single rare earth ions in the frequency domain is not a favorable approach in this
dissertation. Here we prefer to resolve single rare earth ions in the septal domain. It
indicates the optical detection of one and only one single ion in the focus volume,
which requires a high demand of the number of impurities of the crystal. Ultra-pure
laser glasses are desired to have very few number of ions in the detection volume.
Meanwhile, as one of the ideal host material, the crystal should also provide big energy
band gap, high thermal conductivity and preferably small electron and nuclear spin baths.

Among almost 300 types of laser glasses, yttrium aluminum garnet (YAG) and lutetium
aluminum garnet (LuAG) crystals attract the interests due to the following reasons. These
two crystals provide a biggest red shift in the emission spectrum among all the laser
glasses. For example, the 4f5d <+ 4f? transitions of Pr:YAG is located at 300~450 nm
which can be detected by single photon detectors. The same transitions of Pr:YAIO; is
in the range of 200~320 nm, which is difficult to measure by single photon detectors. In
addition, both crystals can be purified, indicating the possibility to provide ultra-pure
host material with low impurities in the crystals.

Within all 17 lanthanide elements embedded in YAG or (LuAG), trivalent praseodymium
and cerium doped YAG (or LuAG) fit our purpose, since their 4 f" — 4" 15d transi-
tions are located near UV or even in the visible range with short optical lifetime and
high quantum efficiency, indicating high fluorescence yield. In spite of detecting single
praseodymium ions in YAG, optical detection and coherent manipulation of single triva-
lent cerium ions in YAG and LuAG particular attracts our attention.

2.2.1 Rare earth doped YAG crystal

As it is introduced among all the laser crystals, YAG is one of the most favorable crystals
for us, it produces the biggest spectral shift in the red range from the embedded emitters.
YAG crystal presents several impressive chemical, mechanical and optical properties, such
as compound stability, mechanical robustness, and most importantly, optical isotropy
and transparency throughout a huge spectral range 200~4,000 nm due to 6.2 eV band
gap [105,106].

Material | Formula | Mohs | Refractive index | Thermal conductivity Density
scale (Wm 1K) (x10%kg/m?)
YAG Y3Al;015 | 8.5 | 1.83 (@ 633 nm) 14 4.55
YSO Y,SiO5 5.6 | 1.78 (@ 633 nm) 4.5 4.44

Table 2.1: Physical properties of YAG, LuAG and YSO crystals [107].

The physical properties of YAG crystal is shown in Tab. 2.1. The lattice structure of the
YAG is drawn in Fig. 2.6, where the cubic lattice structure of YAG crystal has 12.01 A
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Figure 2.6: Lattice structure of the yttrium aluminum garnet crystal, where yttrium ions,
oxygen ions, and aluminum ions correspond to green, red and white spheres respectively.

lattice parameter [108]. Eight formula units are contained in one cubic unit cell, indicating
a total number of 160 ions [105]. In YAG crystal, each trivalent yttrium ions is surrounded
by eight oxygen ions, presenting a dodecahedron with Dy point symmetry [109]. The size
of the trivalent yttrium ions is ~102 pm, while the size of trivalent praseodymium and
cerium ions is 113 pm and 114 pm, respectively. It implies that yttrium ions can easily be
substituted by praseodymium or cerium ions upon doping of YAG crystal. Furthermore,
the isotopes and nuclear spin properties of each element in YAG crystal have been intro-
duced in Tab. 2.2. YAG has a strong nuclear spin bath, which is mainly contributed by
the aluminum ions. Each of the 2"Al ions contains nuclear spin 5/2 with magnetic moment

Isotope | Mass | Natural abundance (%) | Nuclear spin (/) | Magnetic moment (u/py)
Y | 89 100 12 0.14
AL | 27 100 5/2 3.6
160 16 99.8 0 0
2Si 28 92.2 0 0
S| 29 47 1/2 20.56
5T 175 97.4 7/2 2.2
T 176 2.6 7 3.2
10Ce 140 88.4 0 0
14py 141 100 5/2 4.1

Table 2.2: Isotope data of YAG, LuAG and YSO crystal and Pr and Ce ions. Data is acquired
from [110].
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Pr doped YAG crystal

A frozen-gas model can be applied to describe the rare earth ions in solids, where the
ions are treated as individual and free ions within additional crystal field perturbation
introduced by the host material [111]. When trivalent praseodymium ions are doped in
YAG crystal, the 4f? energy levels are split by the total Hamiltonian as shown in Fig. 2.7,
where Hp, is given as [112]:

Hp, = Hy+ Hc+ Hso + Hop + Hyr, (2.1)

where Hj is the central Coulomb potential of the core of praseodymium ion, Hs cor-
responds to the Coulomb interaction between two unpaired electrons in 4f states, Hgo
yields the spin-orbit coupling. In addition, unlike free atoms, as soon as rare earth color
centers are doped into a solid state matrix, they are surrounded by charged neighbors pro-
viding a static electric field, which is named crystal field (represented by Hep). On top of
it, praseodymium ions contain nuclear spins 5/2 with the additional hyperfine interaction
Hamiltonian Hyp [113].
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Figure 2.7: Energy levels of Pr:YAG.

The interaction Hamiltonian splits the 4f? states into 96 sublevels. The optical transi-
tions in between the 4 f2 states are parity forbidden transitions indicating weak oscillator
strength with long optical lifetime [92]. For example, the H, <! D, transition is located
at 609 nm. The lifetime of 1D, state is 200 us [114]. The 3H, <»* Py transition is located
at 488 nm with the optical lifetime of 8 us. In comparison with the long lived 4f? states,
the 4f5d states have an optical lifetime of 18 ns [92]. Furthermore, the parity allowed
4% <+ 4f5d transitions present strong oscillator strength with quantum efficiency close
to unity [115]. The absorption spectrum of the 4f? <+ 4f5d transition of Pr:YAG is plot-
ted in Fig. 2.8(b) [116], showing 180~320 nm spectral range. However, it is not a simple
task to excite Pr:YAG through 3H, — 4f5d transitions with single-step excitation, since
the UV laser is not available in the lab. Meanwhile, such high pumping photon energy
generates enormous downconverted fluorescence from the chemical contaminants which
reduce the contrast.

On the other hand, the 3H, — 4f5d transitions can be achieved by using excitation lasers
in visible light range only, which is known as excited state absorption (ESA) process of
Pr:YAG. Praseodymium ions can be pumped to the first excited state through 4f — 4f
transitions, for example 3Hy —3 Py or *H, —! D, transitions by 488 nm or 609 nm laser
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Figure 2.8: (a) Optical transitions of Pr:YAG. NR indicates the non-radiative decay channels.
(b) The absorbance spectrum of 4f2 — 4f5d transition of Pr:YAG. (c) The emission spectrum
of Pr:YAG. Figures are reproduced from [116].

respectively. During the time Pr ions stay in the long lived first excited state, by absorbing
an additional photon wavelength at 488 nm or 532 nm, they can be simply promoted to
the higher lying second excited state 4 f5d states (see Fig. 2.8(a)). The emission from the
4f5d states is in the wavelength range of 300~450 nm as shown in Fig. 2.8(c) [116]. Since
the upconverted emission photons have higher photon energy compared to the excitation
photons, the scattering light and downconverted fluorescence from the background can be
filtered out efficiently by picking up right filters, resulting in extreme high signal-to-noise
ratio [73].

This upconversion microscopy technique is applied in this dissertation, to demonstrate
the coherent manipulation of single praseodymium nuclear spins in YAG crystal, which
will be presented in Chapter 7. In addition, the details of upconversion microscopy is
described in the Appendix.

Ce doped YAG crystal

Trivalent cerium ions doped in YAG is the second species of rare earth ions, which shows
the possibility to be detected at single-ion level. Unlike the Pr doped YAG, when the
cerium ion embedded in the YAG crystal, it has only one unpaired electron without



2 General background 31

any nuclear spins. The Coulomb interaction between unpaired electrons term H,. and
hyperfine interaction Hgp is excluded in the total Hamiltonian Hg,., which is described
as following [117,118]:

HCe :H0—|—H50+HCF+HB, (2.2)

there is an additional term Hpg represents the Zeeman interaction between the Ce:YAG
ion with the external magnetic field.
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Figure 2.10: 4f — 5d optical transitions of Ce:YAG.



32 2.2 Potential candidates on the single ion detection

In comparison with Pr:YAG and other rare earth ions, the energy level of Ce:YAG is
simpler as presented in Fig. 2.9. The single unpaired electron of the 4 f states split to two
fine structures 2F; /2 and 2F /2 due to the spin-orbital interaction. The crystal field lift off
two energy levels to seven Kramers’ doublets. The degeneracy of the Kramers doublets is
removed if the external magnetic field is applied, resulting in 14 eigenlevels [117].

The spin-orbital coupling and crystal field interaction split the 5d state into five Kramers’s
doublets as plotted in Fig. 2.10. The lowest Kramers’ doublets of the excited states present
8,000 cm~! energy difference, indicating spectral selective in the excited states.
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Figure 2.11: Absorption and emission spectrum of Ce:YAG, recorded under ambient conditions.
The figure is reproduced from [119].

The absorption and emission spectrum of the Ce:YAG recorded under ambient conditions
are expressed in Fig. 2.11 [119]. In the absorption spectra, cerium has two peaks located
at 340 and 460 nm. These two peaks correspond to the transitions between 4f — 5d(1)
and 4f — 5d(2). The linewidth of the transitions is broad, owing to the strong phonon
coupling. The fluorescence spectrum of Ce:YAG is in the range of 489~700 nm with strong
phonon-assisted emission. The zero phonon line (ZPL) of Ce:YAG can not be observed at
room temperature, which is located at 489 nm [120]. In addition, the 4f — 5d transitions
of the Ce:YAG are parity allowed, with strong oscillator strength and close to unity
quantum efficiency [121]. The optical lifetime of the 5d states is 60 ns [122]. It yields
strong fluorescence signal when Ce:YAG is efficiently excited.

Trivalent cerium ions doped in crystals present impressive optical properties with strong
emission photon flux, which is the reason it can be detected at single-ion level. The optical
detection of a single cerium ion in crystals will be introduced in this dissertation. However,
other groups tried to resolve individual Ce ions in crystals for years, but the attempts of
detecting single Ce ions have not yet been successful [123,124].
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2.2.2 Ce doped LuAG crystal

Lutetium Aluminum Garnet(LuAG) has formula LuzAl;01y, is another type of laser
glasses, which shows similar physical properties as YAG (see Tab. 2.1). LuAG crystal
also offers the opportunity to resolve rare earth impurities at single-ion level. LuAG has
a cubic crystal structure with Dy symmetry of Lu3* sites. In comparison with Y3+, Lu*
presents much stronger nuclear spins as shown in Tab. 2.2. In addition, there are two
isotopes of Lu®*: ™Lu with natural abundance 97.4% with nuclear spin 7/2 and mag-
netic moment 2.2 uy, and "*Lu with natural abundance 2.6% with nuclear spin 7 and
magnetic moment 3.2 py, respectively.
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Figure 2.12: Absorption and emission spectrum of Ce:LuAG. Figures are reproduced from [125].

When trivalent cerium ions doped in LuAG crystal, it feels similar crystal field as in YAG.
The absorption and emission spectrum of Ce:LuAG is introduced in Fig. 2.12, where both
spectrum show ~10 nm blue shift in comparison with Ce:YAG [125]. The optical lifetime
of the 5d states of Ce:LuAG is ~50 ns with also near unit quantum efficiency [126].

2.2.3 Ce doped yttrium orthosilicate crystal

Yttrium Orthosilicate is one of the most popular host materials in rare earth ion based
quantum information processing, because it shows weak spin bath. The physical properties
of YSO crystal are introduced in Tab. 2.1. In YSO crystal, 160, 28Si, and 3°Si show no
nuclear spins (see Tab. 2.2), Y contains nuclear spin 1/2 with py = —0.14uy, and
29Si presents nuclear spin 1/2 with pug; = 0.564. Such nuclear spin bath indicates weak
interaction of rare earth ions with the local environment, resulting in long lived coherence
time of the spin transitions [79, 127]. Examples include quantum memories, two-qubit
quantum gates and storage of quantum information have been demonstrated with rare
earth ensembles in YSO crystal. In 2015, six hours coherence time between ensemble
Eu?" nuclear spin transitions in YSO host has been reported [63]. If rare earth ions can
be detected and coherently manipulated at single-ion level in YSO crystal, it will offer
long lived qubits for more complex quantum operations [81].

There exist two crystallographic forms of Y5SiOs, so called X1- and X2- Y5SiOj5 crystals
(see Fig. 9.5). They form different phases at different growth temperature, with X1-
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(b)
Si O

Figure 2.13: Lattice structure of X2-Y2SiO5. The figure is reproduced from [128].

corresponding to low temperature phase and X2- represents high temperature phase [129].
Therefore, only high temperature phase X2-YSO is under consideration here, since it
represents bulk crystals grown by Czochralski method. In a unit cell of X2-YSO crystal,
it shows CS, symmetry with 1.041, 0.6726 and 1.249 nm lattice constants with an angel
of 102.65° in between two axis. In X2-YSO, it contains two different sites (see Fig. 2.13),
due to different local environments resulting in two types of crystal fields. The crystal
fields of X2-phase Ce:YSO crystal has been calculated in [128].
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Figure 2.14: (a) Emission spectrum of Ce:YSO located in site 1. (b) Emission spectrum of
Ce:YSO located in site 2. Figures are reproduced from [130].

Two sites of Ce doped X2-YSO also present different optical properties as plotted in
Fig. 2.14 [130]. UV laser wavelength shorter than 370 nm is required to excite both sites
of Ce in YSO crystal. They present different spectrum. One of them shows emission
spectrum in the range of 350~600 nm with a peak at 425 nm, while the other expresses
emission spectrum from 400 nm to 600 nm with a maximum peak around 475 nm. The
optical lifetimes of two sites are 40 and 55 ns respectively [131].

2.3 Summary

In this chapter, several different approaches of resolving individual Pr or Er ions in solids
have been reviewed. The requirements of detecting single rare earth impurities have
been introduced. Meanwhile, the potential candidates of single ion detection have been
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presented.

The general physical properties of Pr and Ce doped YAG, LuAG and YSO crystals have
been introduced. Trivalent cerium ions present impressive optical properties, since their
parity allowed 4f — 5d transitions show strong oscillator strength with high quantum
efficiency. The optical detection and coherently manipulation of single Ce ions in different
crystals will be introduced in the following chapters.






Chapter 3

Optical detection of a single Ce in
YAG crystal

Optical detection of a single rare earth ion requires resolving the single ion either in the
spatial domain or in the spectral domain. At room temperature, strong phonon coupling
restricts resolving single rare earth ions in the spectral domain. On the other hand, to
identify single rare earth ions in the spatial domain, we should obtain if and only if
one ion in the focus volume. In YAG crystal, the radius of the exciting beam is limited
by A/2/nyag, where nyag is 1.82. If the excitation laser wavelength is at 460 nm, the
excitation radius is ~126 nm. It indicates that the maximum impurity level relative to
yttrium ions in YAG crystal should be below 36 ppb (parts per billion). In our previous
study, we estimated the praseodymium impurities in the purest YAG crystal (ultrapure
YAG crystal from Scientific Materials) is ~40 ppt (parts per trillion). It suggests that, in
the ultrapure YAG crystal, the concentration of other species of rare earth ions might be
low enough to be resolved at single-ion level.

Trivalent Ce ions in YAG crystal present a very promising optical properties. Its 4f —5d
transition is located in the visible light range [119]. The quantum efficiency is close to the
unit and the optical lifetime of the 5d states is ~60 ns [121]. Owing to the high excitation-
emission-reexcitation cycling efficiency, single Ce ion in YAG is predicted to emit 1.7 x 107
photons per second. It is possible to detect such strong fluorescence intensity of a single
Ce ion in YAG by means of optical microscopy.

In this chapter, we discover a new type of photostable single photon emitter in YAG crystal
by means of photon correlation measurements. The single photon emitter is proved to be
single trivalent Ce ions by spectroscopic and lifetime measurements. On top of it, the
coherent properties of single Ce excited state spin properties has been characterized. The
coherent precession of single Ce electron spin is observed with the mapping of the spin
state direct onto the polarization state of the emitted photons. The results offer us a new
platform for exploring single Ce ions as single rare earth solid-state qubits.
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3.1 Single photon emitters in YAG crystal

We mount the j1 1 1; oriented ultra pure YAG crystal in our home-built room temperature
confocal microscope. The crystal is scanned by a 460 nm excitation light which is operated
by a frequency doubled femtosecond Ti:Sapphire laser at 920 nm. The fluorescence signal
of the YAG crystal is split into two detection paths and collected by an APD. In the
spectral domain a window from 485 nm to 630 nm is open for detect the emitted photons.
More details about the experimental condition are presented in the Appendix.

Figure 3.1: (a) Laser scanning image of single Ce ions in YAG. Scanning range is 10x10 zm?.
(b) Zoomed in scanning image of the red area in (a). The scanning range is 4x4 ym?

The laser scanning image of the ultra pure YAG crystal is presented in Fig. 3.1. Quite
some amount of bright individual spots can be determined in Fig. 3.1(a). In the 4x4 ym?
laser scanning image (see Fig. 3.1(b)) individual spots are clearly resolved. The average
distance in between the bright spots is ~0.75 ym. When we perform the second order
correlation function measurements on one of the dim spots as marked in Fig. 3.1(b), at
zero delay, the peak vanishes (Fig. 3.2(a)). The antibunching behavior indicates that the
marked spot is a single photon emitter. We also monitor the fluorescence yield of this single
photon emitter in a long time scale (a couple of hours). It displays good photostability at
room temperature.

More experiments have been performed to understand this single photon emitter properly.
The optical lifetime of the single photon emitter is measured as shown in Fig. 3.2(b). It
presents ~64 ns optical lifetime fitted by a single exponential decay. The literature value
of, the optical lifetime of Ce:YAG 5d excited state is 60 ns which is in agreement with the
lifetime we measured from the single color center. The emission spectrum of this single
impurity is also obtained with 460 nm excitation (Fig. 3.3(a)). It presents strong phonon-
assisted emission in 485 ~ 650 nm range without any sharp peaks. We also acquire the
emission spectrum of Ce:YAG bulk crystal as shown in Fig. 3.3(b). As soon as we correlate
the lifetime and spectrum of single color center with Ce:YAG bulk crystal, it shows the
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Figure 3.2: (a) The photon correlation measurement of an individual bright spot in YAG. It
presents antibunching behavior indicating a single photon emitter in YAG crystal. (b) Optical
lifetime measurement of the single photon emitter in YAG crystal.

high possibility to deduce that the single photon emitter we are studying is single trivalent
Ce ions embedded in YAG crystal. However, Ce:YAG doesn’t present sharp peaks in the
emission spectrum. The unambiguously identification that single photon emitter is a Ce
ion in YAG is absent. It is indispensable to find a unique feature that represents the
species. For example, NV~ center in diamond presents ODMR lines at 2.87 GHz, Pr:YAG
shows upconversion transition at 486.9 and 488.2 nm. In case of Ce:YAG, it presents the
light induced magnetization of its excited spin states.
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Figure 3.3: (a) Emission spectrum of single color center in YAG. (b) Emission spectrum of
Ce:YAG bulk crystal.

3.2 Optical selection rules of Ce:YAG

Ce:YAG presents a Faraday effect due to its spin-flip transitions. It is introduced in the
previous chapter that the energy level of Ce:YAG is split by spin-orbit coupling and crystal
field. The Hamiltonian can be described by the following equation:

Hiota1 = Ho + Hso + Hcr, (3.1)
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here Hy + Hso represents of a free trivalent Ce ion. Spin-orbit coupling Hso and crystal
field interaction Hcr is given by:

Hso = AL - S. (3.2)
Limaz L
HCF - Z Z AL,m<TL>YL,m(97<p)‘ (33>
L=0 m=—L

In Eq. (3.2) L is the orbital momentum operator and S represents the spin operators.
A indicates the strength of the spin-orbit coupling. A yields 647 in 4f states and 991 in
5d states. In Eq. (3.3) La: = 6 or 4 for the 4f and 5d states respectively. Y7, (0, ¢) is
the spherical harmonic. Ay, (r") represents the crystal field parameter which is given in

Tab. (3.1) [117,118].

State | Ago(r?)  Ago(r?)  Agn(rt) Ap(rt)  Au(?)
4f -465 -96 -3739 -380 1602
5d -6099 -1259 -50042 -5374 19626

State | Ago(r®) Aga(r®) Aes(r®)  Age(r®)
4f 901 307 2136 246

Table 3.1: Crystal field parameters of different energy levels of Ce:YAG crystal.

When an external magnetic field is applied to YAG crystal, Zeeman term will be intro-
duced in the total Hamiltonian:

HZeeman = H/BB<L + 28)7 (34)

where g represents the Bohr magneton. B corresponds to the external magnetic field.

The eigenfunctions |L, L,, S, S,) in the natural basis can be obtained by diagonalizing the
total Hamiltonian in Eq. (6.10). In the 4f states, L = 3, while in the 5d states L = 2.
The wavefunction is given by the following:

PYn = Z ary.s,\L, Lz,S,8z7)., (3.5)

Lz,5z
where n is from 1 to 14 in 4 f states and 1 to 10 in 5d states.

The matrix element of the external electromagnetic fields acting in between the ground
and the excited states is given by:

here e means the charge of the electron and r yields the electron position operator. If the
excitation light is circularly polarized, Eq. (3.6) yields:

firm = (U [Z1an £ 1Wran |00, (3.7)
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here 7+ represents o, photons and ”—" represents o_ photons. x,, and ¥y, are the z—

and y— axis in terms of the lab coordinates represented by the coordinates of Ce local
frame.

Under the experimental conditions, only the lowest 5d state can be pumped by 460 nm
laser. The oscillation dipole strength of the 5d state to 4f states with circularly polarized
photons is given by Tab. 3.2. It should be noticed that the laser beam direction defines
the quantization axis (k direction) [132].

5d ) < | [4f()1) 4721 [4fB)1) [4f@)1) [4f6G))  [4f(6)1) [4f(D)1)
0.0007  0.012  0.243  0.0007 0.0034  0.017  0.0005
5d 1) < | [4F(D) 472} [4FB))  [4FA) 4G [4f(6)4) [4F(7Dd)
0.286  0.006  0.002  0.I84  0.0007  0.051  0.018

Table 3.2: Dipolar oscillator strengths of different optical transitions [132].

If single Ce decays from |5d(1) 1) — [4f(1) |) (or [5d(1) ) — |4f(1) 1)), it emits a o (or
o_) photon. It indicates that the excited spin state of single Ce ion is directly mapping onto
the polarization state of the fluorescence photon, which suggests the interface between a
single rare earth ion and a single photon.

. Phonon
5d e absorption
L bands
_’Dsp \ </ 1
%
460 nm
4f
H, sy _\
Hso Hcr

Figure 3.4: Ce:YAG energy level, and its selection rules correspond to different directions of
the external magnetic field.

The applied external magnetic field removes of the degeneracy of the Kramers doublets
(Fig. 3.4). If the external magnetic field is perpendicular to the quantization axis (E 1L E),
both spin-flip and spin-nonflip transitions are allowed. With the forming of the V' systems,
the lowest excited states |5d 1) and |5d |) precesses with a Larmor frequency w:
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W — pupgB ’
h
where pp is the Bohr magneton, g represents the g factor of the lowest excited states.
With this external magnetic field, it yields to a new wave function in the excited states
as following:

(3.8)

1

V2

Equation(3.9) indicates an oscillatory behavior in the excited states 5d known as Larmor
precession [133]. Due to the high ratio of the oscillator strengths of |5d(1) 1) — [4f(1) J)
and [5d(1) ) — [4f(1) 1) transitions (400:1 ratio is calculated) excited state oscillation
will be projected to the polarized state of the fluorescence (o, or o_ photons). Different
polarization of the fluorescence signal with external magnetic field has been calculated as
shown in Fig. 3.5(a). The damping of the oscillation is caused by the dephasing process
from the interaction of the excited spin states with the local spin bath.

[¥) (I5d(1) 1) + e7"[5d(1) 1)). (3.9)
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Figure 3.5: Simulated different polarization fluroescence signals with different external mag-
netic field. (a) |B|= 250 G, B L k. (b) |B|= 500 G, B || k.

If the external magnetic field is parallel to the quantization axis (é | l;), only spin-flip
transitions are allowed indicated by the disappearance of the Larmor precession. Owing to
the different diploe oscillator strengths with different polarization of the excitation lasers,
the population in the 5d(1) and 5d({) is in nonequilibrium. It results in the difference in
the fluorescence corresponding to o, and o_ polarizations in the beginning of the decay,
as shown in Fig. 3.5(b).

3.3 Mapping the excited states of a single Ce ion onto
the polarization of emission photons

To confirm the theoretical prediction of the excited state dynamics of a single Ce ion
in YAG, the following experiments are performed. As soon as the single Ce ion is local-
ized under the home-built confocal microscopy, circularly polarized light (o, photons)
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is applied to initialize Ce to the excited state [5d(1) 1). A set of /4 waveplate-\/2
waveplate-polarization beam splitter is settled to filter out one type of the polarization
(e.g. o_ photon) from the fluorescence. The fluorescence of single Ce (e.g. o, photon)
is detected by a single photon detector in the spectral range 485~525 nm to ensure the
good contrast of the mapping. An external magnetic field is directed either perpendicular
(B Lk, |B| =250 G) or parallel (B || k, | B] = 500 G) to the laser beam direction.
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Figure 3.6: Larmor precession of the excited spin state of a single Ce ion, where the external
magnetic field is B L k, | B| = 250 G. The single Ce ion is excited by a circularly polarized (o)
460 nm femtosecond pulsed laser. (a) Temporal behavior of the fluorescence of a single Ce ion
with o photons detection. (b) Temporal behavior of the fluorescence of a single Ce ion with
o_ photons detection. (¢) Observation of 7 phase shift of two types of emitted photons.

If the magnetic field is applied perpendicular to the laser beam direction, the temporal
behavior of the fluorescence of a single Ce ion is recorded. Figure.3.6(a) displays the
temporal behavior of the detected o, fluorescence signals from a single Ce ion. It presents
a high peak at the beginning, and oscillating with high frequency. On the other hand,
signal corresponding to o_ polarized light shows 7 phase shift in respect to the o, signal as
depicted in Fig 3.6(b). When the laser is applied, it shows minimal fluorescence intensity,
and rises up the maximal intensity in 0.6 ns. We plot the temporal behavior of both o,
and o_ fluorescence together in Fig. 3.6(c), the oscillation of o, and o_ signals presents
7 phase shift.

We are able to deduce two important parameters from the oscillations. The g-factor of
the excited state is given by:

g= w—ii, (3.10)

15| B

where w represents the oscillating frequency. It indicates g factor of the 5d(1) excited spin
states to be 2.2. Furthermore, by calculating the damping time of the Larmor precession,
the dephasing time (7%) of the 5d(1) excited state of a single Ce ion is determined to
be 2.2 ns. It is not surprised to discover such short dephasing time, since YAG crystal
contains numerous of 2?Al ions which have nuclear spin 5/2. The strong 2 Al nuclear spin
bath leads to the short 77 time of the excited spin states.

The indirect proof of such strong nuclear spin bath is given by Fig. 3.7. When the external
magnetic field is removed, the Larmor precession of the excited spin states has been
detected with different polarizations. Even at zero magnetic field, the quantum beat signal
can still be resolved. Around 40 G magnetic field is obtained by determining the Larmor
precession frequency. Such strong magnetic field is mainly contributed by the 27 Al nuclear
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Figure 3.7: Larmor precession of the excited spin state of a single Ce ion under zero magnetic

field. The single Ce ion is excited by a circularly polarized (o) 460 nm femtosecond pulsed

laser. (a) Temporal behavior of the fluorescence of a single Ce ion with o4 photons detection.

(b) Temporal behavior of the fluorescence of a single Ce ion with o_ photons detection. (c)
Observation of 7 phase shift of two types of emitted photons.

spin bath. It indicates if low spin matrix host material is alternated, the Larmor precession
time will be extended.
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Figure 3.8: Larmor precession of the excited spin state of a single Ce ion under parallel magnetic
field. (a) Temporal behavior of the fluorescence of a single Ce ion with o4 photons (black curve)
and o_ (red curve) detection. (b) Population difference between |5d(1) 1) and 5d(2) J).

We also applied the magnetic field (500 G) which is parallel to the laser beam direction.
It is similar to the simulation result, the Larmor precession of the excited states vanishes
as shown in Fig. 3.8(a). At the starting point, the fluorescence signal of the single Ce ion
corresponds to o, and o_ polarizations presenting remarkably difference. The difference
of the fluorescence indicates the non-equilibrium populations of |5d(1) 1) and |5d(2) |)
which is due to different dipole oscillation strength. After 90 ns, the fluorescence intensities
merge to the same level owing to the spin-flip process. The population difference between
two excited spin states is obtained by subtracting two decay curves (see Fig. 3.8(b)). This
difference indicates 26 ns spin-lattice relaxation time of the lowest excited states.
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3.4 Conclusion and outlook

In this chapter, optical detection of the second species of single rare earth ions in solids
namely single Ce ions in YAG crystal has been demonstrated at room temperature. Under
the confocal microscopy, single Ce ions have been optically resolved in an ultra pure YAG
crystal. The results have been confirmed by antibunching, lifetime and emission spectrum
measurements. Ce:YAG presents a special optical property. Its optical selection rules are
changed by different directions of the external magnetic field. Thus, Ce can be optically
initialized to one of the lowest excited spin states by circularly polarized light. The spin
state is mapped onto the polarization state of a single photon. When the external magnetic
field is perpendicular to the quantization axis, the Larmor precession of the excited spin
state has been observed by monitoring the temporal behavior of fluorescence of a certain
polarization. Furthermore, the coherence properties of a single Ce excited spin state has
been measured presenting 26 ns spin-lattice relaxation time and 2.2 ns depasing time. Such
short coherent time of Ce:YAG excited spin states is not suitable to explore single Ce ions
as solid-state qubits. Two improvements are introduced to prolong the short coherence
time of single Ce ions.

1. Picking up low spin matrix host crystals. As it is mentioned in the previous chapter
that the depasing time is mainly induced by the hyperfine interaction of strong 27Al
nuclear spin bath. The choice of the low spin bath material, for example, Y,SiO5 crystal,
will enlarge the depasing time. The preliminary results are shown in Fig. 3.9, where
the Larmor precession of the excited spin state of Ce:YSO 100 ppm nanoparticles have
been observed. The dephasing time of the excited spin state is ~17 ns, which is already
influence by the spin-lattice relaxation time. However, the optical lifetime of the excited
state (~65 ns) set the upper-limitation of the coherence time of Ce |5d) states, which is
invincible.
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Figure 3.9: Larmor precession of the excited spin state of a Ce:YSO (100 ppm) nanoparticle.
(a) Temporal behavior of the fluorescence of a single Ce ion with o4 photons (black curve) and
o_ (red curve) detection. (b) Population difference between |5d(1) 1) and 5d(2) |).

2. Exploring Ce:YAG ground states spin qubits. The mechanism of spin-lattice relaxation
of Ce:YAG is Orbach relaxation. At room temperature, the T} time of Ce:YAG 4f levels
is fast (picoseconds range). If the crystal is cooled down at cryogenic temperature, the
spin-lattice relaxation of the ground spin states will be promisingly suppressed, indicating
the prolonging of the ground state T; time by a few orders of magnitude. Afterward it
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offers the possibility to study the coherent properties of single Ce ground spin states.

However, in current experimental conditions, single Ce ions are optically resolved by
a 1.3 N.A. oil immersion objective lens at room temperature. When the YAG crystal
is cooled down to cryogenic temperature, the oil immersion objective lens can not be
utilized since the oil will be frozen. The N.A. of the air objective lens is lower than the
oil one, indicates low fluorescence collection efficiency, spectral resolution and signal-to-
noise ratio. Nanophotonic devices should be introduced to overcome this barrier, solid
immersion lenses (SILs) as one of the standard and common photonic devices which is
under our consideration. SILs can be fabricated on the surface of YAG crystal by means
of focus ion beam milling. Under the SILs, the collection efficiency, spectral resolution
and signal-to-noise ratio has been dramatically improved (for more details please see
Appendix). The combination of SILs and a high N.A. air objective lens, will give us the
opportunity to optically identify single Ce ions at cryogenic temperature and to explore
its coherent properties of ground spin states.



Chapter 4

Coherent properties of single Ce ions

In the previous chapter, the optical detection of single Ce ions in YAG has been demon-
strated at room temperature. The short spin coherence time (75 ~2.2 ns) blocks the
further application of single Ce ions as quantum devices. Nevertheless, the ground states
of Ce ions are 4f levels, which are screened by filled 5s and 5p levels, indicating much
weaker coupling to the environment. However, the ground state spin properties can not
be observed at room temperature, due to the fast spin-lattice relaxation time. The spin
relaxation mechanism of Ce:YAG ground state is Orbach relaxation,which features a tem-
perature dependence of T} as [134]:

1 A

T, = mexp(ﬁ),

where T' is the temperature, and k is the Boltzmann constant. A represents the energy
difference between the lowest Kramers doublet and the second lowest 4f state, which
is 228 cm~!. Equation(4.1) explains why the spin-relaxation time will be significantly
prolonged at cryogenic temperature compared to room temperature. Following this ex-
pectation, in this chapter, the YAG crystal is cooled down to ~ 3.5 K to extend the T3 time
of Ce:YAG ground spin states. With long T time, high fidelity optical initialization and
readout, and coherent manipulation of single Ce electron spin have been demonstrated. It
is an essential step to explore single rare earth ions as single rare earth solid-state qubits.

(4.1)

4.1 Optical spin initialization and readout

Before studying the coherent properties, the first step is to initialize the spin and sub-
sequently read it out, which is a basic requirement to use single Ce spin as stationary
qubits. To realize such requirement, an optical pumping method based on well chosen
selection rules is applied here. Specifically, in a 500 Gauss external magnetic field aligned
perpendicular to the sample surface, the spin-flip transition between |4f |) and |5d 1)
is 396 times stronger than the transition between |4f 1) and |5d |) under o™ circularly
polarized excitation, as shown in Fig. 4.1(a). Since the spontaneous decay from 5d state
back to the two ground 4 f states is equal, repeated optical excitation pumps the ion into
|4f 1) state and therefore initializes the Ce spin. The ratio of 396:1 in optical transition
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strength between 4 f and 5d under circularly polarized excitation grants a high selectivity
and enables spin-dependent fluorescence and as such an optical spin detection. Under
ot circularly polarized excitation, Ce ions only generate fluorescence in |[4f |). While
under o~ circularly polarized excitation, the fluorescence intensity is proportional to the
probability of Ce to be in |[4f 1) spin state. Both ways are able to readout the spin.
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Figure 4.1: (a) Energy levels of Ce:YAG with selection rules of optical transitions at low

temperature. (b) Fluorescence intensity of a single Ce ion corresponds to the rotation angle of
/4 waveplate.

To experimentally characterize the above process, an ultra-pure YAG crystal is cooled
down to =~ 3.5 K. A permanent magnet is settled on the air objective lens to generate
a 500 G magnetic field perpendicular to the sample surface. A confocal microscopy is
used for detecting single Ce ions. Solid immersion lenses (SILs) are milled by focus ion
beam on the surface of YAG crystals to increase the spatial resolution and collection
efficiency (for more details of the SILs and experimental setup please see Appendix). It
has to be noted, that the 7w polarized photon, propagating perpendicular to the laser beam
direction, can not be detected in the described setup and thus can not contribute to the

measured fluorescence intensity. We first study the polarization dependence of the Ce ion
fluorescence.

When single Ce ions are optically resolved at low temperature, a A/4 waveplate is inserted
into the excitation path to change the polarization of the excitation laser. Figure 4.1(b)
shows the fluorescence intensity of a single Ce ion as a function of the angle of the \/4
waveplate. It shows strong fluorescence yield when the excitation photons are linearly po-
larized and weak yield when the excitation photons are circularly polarized. The linearly
polarized photons can be decomposed to the combination of ¢ and o~ photons, and
therefore both |[4f |) — |5d 1) and |[4f 1) — |5d |) transitions are allowed, resulting in
high fluorescence yield. When Ce ions are excited by only o™ (or ¢7) polarized photons,
after several loops, they will eventually stay in the "dark state” [4f 1) (or |4f ])) and
cannot be excited any longer. It yields minimal fluorescence intensity, which not only
indicates the initialization of single Ce ions, but also calibrates the optimal photon po-
larization required for initialization. The asymmetry of Fig. 4.1(b) curve is caused by an
imperfect \/4 waveplate.

To quantify the number of excitation loops required for initialization, a pulse sequence is
applied as shown in Fig. 4.2(a). A train of circularly polarized laser pulses is generated to
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Figure 4.2: (a) Schematic diagram of the MW and laser pulse sequences to observe the dynamics
of the optical pumping process. (b) Fluorescence intensity of a single Ce ion as a function of the
number of laser pulses.

excite single Ce ions. This sequence is then used up to ten thousands of times to acquire
data points shown in subsequent figures. In order to guarantee that the Ce ion starts
from the thermodynamic equilibrium for every new pulse sequence, a waiting time 7 is
introduced in between two trains of laser pulses(r > 57} in milliseconds range. 77 will
be described with more details in the next section). In the experiment, to speed up this
process, a MW pulse with the duration time 3 us is introduced as the white noise source.
The dependence of fluorescence intensity of a single Ce ion on the number of initialization
laser pulses is plotted in Fig. 4.2(b). At the beginning, the lowest Kramers doublets are
under thermodynamic equilibrium resulting in high fluorescence yield Iy o nPg(n = 0).
71 represents the collection efficiency. Pp corresponds to the probability that Ce stays in
the bright state(|4f 1)). It is 1/2 when the ion is in thermodynamic equilibrium. After
around 135 excitation pulses, the Ce is optically pumped to the ”dark state” (|4f J))
with low fluorescence yield Ip o< nPg(n = 135). From these two values, one can obtain
the initialization fidelity in |4f |) state according to the following equation:

Ip

f:(l_QXIT

). (4.2)

In the described experiment 97.5%initialization fidelity is achieved. A further optimization
of the experimental conditions like the quality of the circularly polarized photons, and the
performance of the SIL can increase the fidelity up to 99.74% according to the theoretical
prediction.

4.2 Spin-lattice relaxation time of single Ce ions

When a spin is initialized, it will unavoidably relax back to thermodynamic equilibrium
due to interaction with the phonons in the lattice. This process is known as spin-lattice
relaxation. The spin relaxation time T) characterizes how fast this spin is depolarized.
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It also sets an upper limitation of the quantum system’s coherent time by noting the
following formula [135].

1 1 1

= 4+ 43
T, on Ty (4:3)

where T5 represents the spin-spin relaxation time, and 75 indicates the dephasing time of
the spin evolution. It yields from Eq. (4.3) that T is no longer than 277.

Figure 4.3(a) presents the schematic diagram of a standard pulse sequence for T; mea-
surements: the single Ce ion is initialized in the "dark” state (|4f J)) by the first train of
circularly polarized laser pulses. It then experiences a spin-lattice relaxation in a waiting
time 7 which is finally detected by the second train of the laser pulses. In addition, the
second train of the laser pulses initializes the Ce ion again to the ”dark state”. To increase
the contrast, the single photon detector is gated to readout Ce spin state only during the
first four laser pulses. The experimental data is plotted in Fig. 4.3(b). T time ~4.5 ms is
obtained by fitting the curve. Normally, the T7 lifetime of rare earth spin transitions can
approach a couple of hours or even days. It is not clear so far what causes the relatively
short lifetime of Ce spin transitions. With the measured T time of single Ce spin qubits.
In principle, a T, time of 9 ms could be achieved.
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Figure 4.3: (a) Schematic diagram of the laser pulse sequences to record the spin-lattice relax-
ation time of single Ce ions. (b) Fluorescence intensity of a single Ce ion as a function of the
delay time in between two pulse train.
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4.3 Coherent manipulation of single Ce ions

With a rough knowledge about the magnetic filed the Zeeman splitting of Ce:YAG ground
states could in principle be achieved. It offers the opportunity of operating microwave
(MW) radiation to coherently drive the single Ce spin transitions. In the experiment, a
MW waveguide structure is fabricated on the surface of the crystal right beside the SILs
(for more details about the fabrication of MW structure please see Appendix). By the
MW radiation, the single Ce spin transition is coherently manipulated.

4.3.1 Ground state spin transitions

In an external magnetic field of 500 Gauss, the Zeeman splitting of Ce:YAG ground states
is in the range of MW frequency. It varies from 500 MHz up to 1.6 GHz depending on
the specific site of Ce ion in YAG. To acquire the ground state spin transition frequency,
the MW frequency is swept while the circularly polarized laser is applied simultaneously,
as shown in Fig.4(a).

When the frequency of the MW is out of the resonance of the ground state spin transition,
the Ce ion stays in the "dark state” (|4f 1)) due to the optical pumping. The fluorescence
intensity stays as low as the background level. If the MW frequency is on resonance of
the ground spin transitions, the ion is pumped back to the bright spin state (|4f })) by
absorbing a MW photon, and yield high fluorescence intensity in the optical excitation.
This method is known as optically detected magnetic resonance(ODMR) [12]. Owing to
the high initialization fidelity of the spin states, ODMR of a single Ce spin transition
displays fairly high contrast (see Fig. 7.4 (b)).

By repeating the ODMR measurements on more than 20 individual single Ce ions, we
finally obtain all the six resonance frequencies corresponding to the six different sites in
YAG crystal (Fig.7.4(c)), as introduced in Chapter II. The resonance frequencies are at
651 MHz, 1312 MHz, 1508 MHz, 1532 MHz, 1556 MHz and 1571 MHz respectively.

With the optical initialization and the acquirement of the energy difference in between
the ground state transitions, coherent manipulation of single Ce electron spins can be
attempted.

4.3.2 Rabi oscillations of single Ce ions

In a two-level system, when an external electromagnetic field is introduced, which is on
resonance with the two level system, this external field will induce the oscillation of the
population in between the two-level system. This is namely Rabi oscillation, indicating the
ability of coherently controlling the two-level system. To realize single Ce ions as stationary
qubits, it is important to coherently manipulate their single electron spins. Observation
of Rabi oscillations of the spin transition is the next step of coherently controlling single
Ce spin qubits.

As soon as the Zeeman splitting of the ground spin states is determined by ODMR
spectroscopy, a strong MW field can be applied on resonance with the spin transitions to



52 4.3 Coherent manipulation of single Ce ions

80

60

40

20

A
Fluorescence intensity (a. u.) 2

m | 1
1260 1280 1300 1320 1340 1360
MW frequency (MHz)

_\

o
T

=

=
(&)
T

o
o

600 1300 1400 1500 1600 1700
MW frequency (MHz)

Fluorescence intensity (a. u.)

Figure 4.4: (a) Level structure of single Ce ions with external MW radiation. (b) ODMR of a
single Ce ion, which the spin resonance frequency is at 1312 MHz. (¢) ODMR signal of single
Ce ions orientated differently in YAG.

drive the electron spin coherently. In the experiment, a train of circularly polarized laser
pulses is generated to initialize the Ce spin state as shown in Fig. 7.5(a). After the optical
pumping, the laser is turned off, and the MW source is switched on with certain duration
time to drive single Ce spins. When the coherent manipulation of a single electron spin is
done, another train of the laser is generated to readout the population of the spin state,
and initialize the Ce ion back to the ”dark state”, in preparation for the next measurement.
The single photon detector is gated to readout the Ce fluorescence intensity during the
first four laser pulses to acquire good contrast.

Figure 7.5 shows the Rabi oscillation of a single Ce ion. The Rabi oscillation signal presents
good contrast owing to the high-fidelity initialization. Unfortunately, the Rabi oscillation
of a single Ce ion vanishes out quickly within 3 wus. It indicates strong interaction of the
Ce ion with the local environment which is mainly caused by strong 27Al nuclear spin
bath. The observed Rabi oscillation of single Ce offers the further investigation of the
transverse relaxation time of single Ce spin states to understand the quick vanishing of
the Rabi oscillation.
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4.3.3 Free induction decay

The Rabi oscillations observed in the previous section indicate the coherently driving of
a single Ce electron spin. In the high contrast Rabi oscillation, the 7/2 and 7 pulses can
be determined. The free induction decay (FID) of single Ce ion is performed, to study
the dephasing process in the electron spin evolution. The pulse sequences of the FID
measurements are presented in Fig. 4.6(a), known as Ramsey sequences, where the MW
/2 pulses are applied to flip the electron spin in the Bloch sphere. The evolution of the
spin state has been displayed on the Bloch sphere (see Fig. 4.6(b)).

The FID measurement of a single Ce ion is plotted in Fig. 4.6(c). Approximately 100 ns
T3 time of single Ce spin states is obtained which is also in agreement with the Fourier
transform of ODMR linewidth. Such short 7% time is mainly caused by the strong fluc-
tuations of the local environment during the spin evolution. Two predicted sources might
contribute to such strong environment fluctuations. (1) Strong nuclear spin bath induced
by intrinsic 2’Al spins. (2) Electron spin bath generated by the impurities in the YAG
crystal for example Cr, Fe, and vacancies in the crystal. The simulation (Fig. 4.6(c) red
curve) of the FID process is performed by only considering the 2" Al nuclear spin bath. Tt
shows fairly good agreement with the experimental results.
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Figure 4.6: (a) Schematic diagram of pulse sequences for FID measurements. (b) Spin state
evolution on the Bloch sphere. (1) Optically initialize the spin state (|4f 1) ”dark state”). (2)
Rotate electron spin into the horizontal plane %| T + | {) by applying MW 7/2 pulse. (3)
Dephase the electron spin freely during the delay time 7. (4) Apply the second 7/2 pulse to
project the electron spin into either | 1) or | |) states. (5) Readout the state information by the
second train of laser pulses. Meanwhile re-initialized the spin state to | 1) ’dark state’. (c) FID
measurements on a single Ce ion the ODMR resonant at 650 MHz showing ~100 ns 7% time.

4.3.4 Hahn echo of single Ce ions

There is a technique to suppress this fast dephasing process in the FID, which is known
as spin (Hahn) echo sequence (see Fig. 4.7(a)) [136], where an additional MW 7 pulse is
applied to flip the evolution direction. The spin evolution on the Block sphere is plotted
in Fig. 4.7(b). In comparison with the FID pulse sequences, after duration time 7 the
electron spin dephases freely(3), a MW 7 pulse is generated to reverse the evolution of the
spin 180° around the X axis (| 1), | |) direction) (). It dephases to the opposite direction.
The 7 pulse compensates the inhomogeneous dephasing of the Ce spin, resulting in the
refocusing of the spin (6). The second 7/2 pulse is applied to project the electron spin
into either | 1) or | J) state. Eventually, another train of the laser pulses is generated to
readout the spin state and polarizes the spin to | 1).

With the suppressed dephasing process, the decoherence time of the single electron spin
is obtained as 75 in the spin echo measurements. Hahn echo measurements of two dif-
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Figure 4.7: (a) Schematic diagram of pulse sequences for Hahn echo measurements. (b) Spin
state evolution on the Bloch sphere. (¢) Hahn echo measurements on a single Ce ion the ODMR
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ferent Ce ions are presented in Fig 4.7(c), (d). Single Ce ions showing different ODMR
lines indicates the different orientation axis in the crystal. The one ODMR resonance at
650 MHz corresponds to 293 ns spin-spin relaxation time. It is longer than the 7T, time
of another Ce center, whose the ODMR resonance is at 1,310 MHz. It indicates that the
local environment influences the single Ce decoherence differently.

The T, and T3 time of single Ce ions are approximately four orders of magnitude shorter
than their 77 time. Such short coherence time might restrict further application, like
exploring single Ce qubits as rare earth based quantum devices. It is indispensable to
discover the origin, which leads to such short coherence time, and develops the method
to overcome this obstacle. Eventually, extend the coherence time of single Ce spin qubit
in order to demonstrate more applications.

4.4 Dynamical decoupling of single Ce spins

In solid state systems, the surrounding spin bath is usually playing an important role in
reducing the center spin’s coherence time. For Ce spins in crystals, every unit cell contains
40 27 Al nuclear spins. In addition to the intrinsic 2”Al nuclear spin bath, there are many
impurities and defects in the crystal acting as electron spin bath. Both spin baths result
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in the decoherence of Ce electron spin. To figure out and quantify the influence of two
spin baths respectively, dynamical decoupling(DD) methods are employed here.

DD as an evolution of Hahn echo sequence is widely studied and applied in the field of
NMR and ESR since the 1950s [136, 137]. Recently with the development of quantum
information [138,139], DD is reviewed and developed as a standard tool, not only to
extend the coherence time of qubit [140, 141], but also to investigate the spin bath in
the noise spectroscopy [135]. There are various types of DD pulse sequences in the DD
family. In terms of the robust against systematical pulse errors, such as periodic dynamical
decoupling (PDD), Carr-Purcell-Meiboom-Gill (CPMG) [142, 143] pulse sequences are
studied here.

(a) T 2T
op . P M-

Figure 4.8: Schematic diagram of three types of dynamical decoupling pulse sequences: PDD,
CPMG and XY-8.

PDD is similar to Hahn echo. It refocuses the spin evolution by periodically applying 7
pulses which are in phase with the 7/2 pulse (see Fig. 4.8(a)). However, this in-phase
property makes the PDD sequence very sensitive to the pulse errors. As shown in Fig. 4.9
(a) and (b), both the pulse angle error Af and phase angle error A¢ accumulate with the
increasing number of 7 pulses. It results in an additional dephasing process of the spin
coherence.

The experimental results of PDD applied in single Ce spin are shown in Fig. 4.9 (d).
The T; time is prolonged with increasing number of 7 pulses. With 10 7 pulses, the
T, time is prolonged from 163 ns to 1.6 us. However, the amplitude of coherence also
decreases dramatically as the number of 7 pulses increase. It is difficult to observe any
signal when the number of pulses is more than 10. Technically, 7 pulses are generated by
the PulseBlaster card with only 2 ns time resolution. The normal duration of the 7 pulses
is ~22 ns, which is only 10 times higher than the time resolution of the PulseBlaster
card. It reveals imperfections of the 7 pulses. The fidelity of the coherence decreases with
increasing number of 7 pulses as plotted in Fig. 4.9(c). In general, the DD pulse sequence
is capable of extending the coherence time of single Ce ions. However, current PDD
technique doesn’t show large space to improve the situation, due to the imperfections of
the MW pulses. If we can find a more robust DD pulse sequence, the Ce ion might be
decoupled from the environment better.

CPMG pulse sequences are introduced to overcome the issue of the inaccuracy of MW
pulses. As shown in Fig. 4.8, in CPMG pulse sequences, all the 7 pulses have a 90° phase
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Figure 4.9: (a) Accumulation of pulse angle error. (b) Accumulation of pulse phase error. (c)
Fidelity with the number of 7 pulses. (d) PDD of a single Ce ion, the resonance frequency of
the ODMR line is 650 MHz. All the curves have been normalized.

shift. By doing so, the evolution of spin state is locked along the Y axis and therefore
the pulse error accumulation effect is removed. This prediction is in agreement with the
experimental results presented in Fig. 4.10(b). In comparison with PDD pulse sequence,
the fidelity of the coherence is preserved much better under CPMG pulse sequences. No
obvious decay of the signal (coherence) contrast is observed up to 1,000 pulses as shown
in Fig. 4.10(c). With the significant improvement, we finally applied 24,576 pulses to
extend the coherence time by four orders of magnitude, from 290 ns to 2.0 ms. However,
the prolonging of T time with number of 7y pulses is not yet achieving 277 time. It is
restricted either by the phase angle error accumulation in the Y Z plane or the intrinsic
material issue.

A disadvantage of CPMG sequence is that its robustness to pulse errors only holds for
the initial state along Y direction. XY-8 shown in Fig. 4.8(c) is known as robust pulse
sequences without this limitation [144]. The combination of mx and 7y pulses is helpful
to suppress both the pulse angle and phase angle errors for the arbitrary initial state.
The XY-8 pulse sequence is not performed in the experiment since its performance is
similar to the CPMG pulse sequence in extending the coherence time.

Moreover, Fig. 4.11 shows the simulated decoherence time corresponding to the number of
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Figure 4.10: (a) Schematic diagram of pulse sequences for CPMG. (b) Spin state evolution on
the Bloch sphere. (¢) CPMG of a single Ce ion, the resonance frequency of the ODMR line is
650 MHz. All curves have been normalized. (d) The relation between number of 7 pulses and
prolonged T5 time.

7, pulses by CCE method, where only ?”Al nuclear spin bath is under consideration (the
spin properties of 27 Al are introduced in Chapter II). The decoherence of the Ce ion shows
same order of magnitude as the experimental data. It suggests that the Al nuclear spin is
the major source leading to the decoherence process in single Ce spin qubits. However, the
simulated results didn’t perfectly fit the experiment data. It indicates that electron spin
baths also influence the decoherence of single Ce ions. Normally both electron and nuclear
spin baths influence the decoherence process of single qubits. The former behaves like a
classical macroscopic environment, where the noise spectrum is a continuous function,
modeled as a Lorentzian function with long spectral tails. This results in Ty ~ N?%/?
relation between decoherence time to the number of 7y pulses. In comparison, the nuclear
spin bath indicates a hard cutoff in the noise spectrum, revealing a linear dependence of
the decoherence time on the number of 7y pulses [140].

The relation between the number of CPMG 7y pulses and decoherence time of single Ce
spin qubits is investigated and plotted in Fig. 4.10(d). To ~ N8 is obtained by fitting
the experimental data. It suggests that the decoherence process of single Ce spin qubits
is influenced by both electron and nuclear spin baths. In YAG crystal, the electron spin
bath comes from the impurities in the crystal such as residual transition metals like Cr?*



4 Coherent properties of single Ce ions 59

1 1 N nl sl 1 i
1.0
0.8 -
o 0.61
Q
@
2 112| 4| 8|1 6
£ 044
@]
(&) |
0.2 4
0.0 - \
10” 10° 10' 10° 10° (1§
Time (us)

Figure 4.11: Calculated decoherence time with the number of 7, pulses. The noise only from
Al nuclear spins is considered. The figure is reproduced from [145].

and Fe3*, and vacancies introduced during the crystal growth, while the nuclear spin
bath is mainly contributed by intrinsic 2" Al nuclear. We can also deduce from the data
that changing to a low spin host material such as Y5SiO5 crystal will help to prolong the
coherence time of single Ce spin qubits.

4.5 Coherent properties of single Ce ions in LuAG
crystal

In the previous section, the noise spectrum of the local environment of single Ce ions
in YAG has been studied. It reveals that single Ce ions have a strong interaction with
the host crystals. If a low spin matrix (or a high spin matrix) host crystal is selected,
the decoherence time of single Ce qubits will be improved (or get worse). To confirm the
influence of nuclear spin bath with the decoherence time of Ce qubits, Ce ions doped in
LuAG have been investigated.

Lutetium aluminum garnet (LugAl;0,2, LuAG), is another type of laser crystals. It has
very similar lattice structure to YAG as introduced in Chapter II. Regarding the optical
properties of Ce: LuAG, it is similar to Ce:YAG. The maximum absorption wavelength is
around 450 nm. The fluorescence shows strong phonon assisted sideband emission in the
range of 470-625 nm. The optical lifetime of the lowest 5d states is ~70 ns. It has also
the same optical selection rules as Ce:YAG, so that circularly polarized light induces the
optical pumping in the ground state. In an ultra-pure LuAG crystal, single Ce ions are
optically resolved under the confocal microscope as displayed in Fig. 4.12(a).
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Figure 4.12: (a) Laser scanning image of single Ce ions in LuAG crystal. Scalar bar represents
1 pum. (b) Optical initialization of single Ce:LuAG. (c) ODMR of a single Ce ion in LuAG
presents a resonance line at 680 MHz. (d) Rabi oscillation of a single Ce ion in LuAG.

To survey the coherent properties of single Ce ions in LuAG, the experiments have been
performed with the same condition as previously. The ground spin state of Ce:LuAG is able
to be optically initialized by a train of circularly polarized laser pulses as demonstrated in
Fig. 4.12(b). Following to the spin state initialization, the ODMR spectrum of the ground
spin states has been obtained as shown in 4.12(c). The splitting of the ground spin
states is 680 MHz with 10 MHz FWHM. After the acquirement of the ground state spin
transition, the resonance MW radiation is chopped so as to observe the Rabi oscillation
as expressed in Fig. 4.12(d).The Rabi oscillation of a single Ce:LuAG vanishes in 1~2 us,
indicating strong fluctuations of the local environment.

After the obtainment of Rabi oscillation, the Ramsey pulse sequence is applied to de-
termine the dephasing process of single Ce ions in LuAG as illustrated in Fig. 4.13(a).
The FID signal reveals the 75 of Ce ions in LuAG to be ~70 ns. To investigate the de-
coherence time of single Ce in LuAG, Hahn echo is performed where the data is plotted
in Fig. 4.13(b), showing ~260 ns 75 time. In comparison with Ce:YAG, both T and T3
time of Ce:LuAG ground spin states are reduced. Such fast dephasing and decoherence
processes are mainly caused by the strong local nuclear spin bath, where the °Lu and
175T,u represents much stronger nuclear spin momentum in comparison to #Y (for more
details please see Chapter II).

The CPMG pulse sequence is applied here, not only to extend the coherence time, but also
to characterize the noise spectrum. It is shown in Fig. 4.13(c) that the coherence time is
prolonged with the increasing the number of 7y pulses. As it is introduced previously, the
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Figure 4.13: (a)FID curve of a single Ce:LuAG revealing ~70 ns 75 time. (b) Hahn echo
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LuAG. (d) The relation between the number of 7 pulses and prolonged T3 time of a single Ce
in LuAG.

nuclear spin bath of single Ce ions in LuAG is stronger than in YAG crystals. This yields
to shortening of 7, and 73 time. In addition, when we plot the dependence of number
of decoupling pulses with the prolonged decoherence time (Fig. 4.13(d)), it suggests that
Ty ~ N®™. The noise spectrum shows that the electron spin bath contributes more
in comparison with the case in YAG. It also implies that different host material contains
various impurities resulting in different noise spectrum. For the next step, the improvement
of the performance of the matrix materials is essential. When low weak spin bath host
crystal, for example, Y5SiO5 crystal, is used, the nuclear spin bath interacts with Ce
will be weaker in comparison with the current situations. It indicates the extension of
the coherence time of single Ce spin qubits, which will offer more complex quantum
operations.

4.6 Conclusion and outlook

In this chapter, the coherent properties of single electron spins of Ce in YAG and
LuAG have been investigated at cryogenic temperature. Single Ce electron spins present
impressive coherent properties as one of the good candidates of solid-state qubits. With
the prolonged T) time and special optical selection rules, the ground spin state of a
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single Ce ion has been optical initialized with more than 97.5% fidelity. By assistance
of MW radiation, ODMR of single Ce ions has been performed so as to determine the
resonance of ground state spin transition. Coherent manipulation of single Ce ground
spin states including Rabi, FID, Hahn echo has been demonstrated. We also prolonged
the coherence time of single Ce spin qubits by the DD pulse sequences. Meanwhile, the
acquirement of the noise spectrum suggests that both nuclear and electron spin baths
affect the spin qubit intensively. Shifting to a low spin bath material will significantly
suppress the nuclear spin bath. Another spin noise induced by the electron spin bath
can be reduced by carefully removing the impurities and defects in the host material, for
example, improve the crystal growth procedure or perform the post-growth annealing.

Furthermore, the optical excitation of single Ce ions through phonon sideband transition
has one restrict requirement. There exists one and if only one Ce ion in the focal
volume. Otherwise, additional Ce ions will introduce background and influence the
operation fidelity. It indicates the huge challenge to scale the system up by this approach.
Meanwhile, the spin states of single Ce ions are driven by MW radiation. The operation
duration time is more than 20 ns. It is technically arduous to fast coherent manipulation
of spin transition by MW radiation.

On the contrary, resonant excitation and all-optical addressing single qubits attract more
attentions since it offers several incomparable advantages. For example, exciting single
Ce ions through the ZPLs display the capability of spectral selectivity. In addition, the
forming of the A system will construct a new platform for fast and accurate addressing
single Ce spin qubits all-optically. In general, the resonant excitation and all-optically
addressing single Ce spin qubits will pave the way to construct all-optical addressable
solid-state qubits.



Chapter 5

Single Ce ions under CW laser
excitation

Due to the close proximity of optically excited states to band edges in the solid state,
photo-induced phenomenon like photo-ionization and charge dynamics [146], are often
found in solid-state systems like quantum dots [147] and NV centers in diamond [148].
Solid-state quantum systems suffer from these unwanted photo-induced dynamics. For
single rare earth ions, charge dynamics is not yet clear whether these effects exist.

In this chapter, we observe the photo-induced fluorescence dynamics of single Ce ions
with a CW laser excitation. A novel method is developed to suppress these unwanted
dynamics. Moreover, an extended charge dynamics model is proposed to understand the
underlying processes. This result allows us to realize all-optical addressing of single Ce
qubits in the following chapter.

5.1 Fluorescence time trace of Ce ions under CW
laser excitation

In Chapter III and IV, single Ce ions show good photostability (constant fluorescence)
under pulsed laser excitation even for a couple of days. However, if a single Ce ion in
YAG bulk crystal is instead excited through a CW laser, the fluorescence, continuously
monitored by an APD, shows interesting dynamics. As shown in Fig. 5.1(b), the fluo-
rescence intensity presents high yield at the beginning of the CW laser excitation, and
decays smoothly to the background level in a few seconds. Note that the low fluorescence
intensity by pulsed laser is due to low laser power.

To exclude the effect of sample selection, we also studied the fluorescence of Ce:YAG
nanoparticles under the same experimental conditions. Ce:YAG nanoparticles are pre-
pared by a sol-gel pyrolysis method with a typical diameter ~40 nm. The dopant concen-
tration of Ce is 100 ppm, so that each single nanoparticle contains in average 50~100 Ce
centers. As shown in Fig. 5.2(b), the fluorescence intensity of a single Ce:YAG nanoparti-
cle shows the same decay behavior with a much faster decay rate. The fluorescence decay
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Figure 5.1: Fluorescence time trace of a single Ce ion under a CW laser excitation. (a) Scheme
of pulse sequence: the femtosecond pulsed laser is irradiated for 1 s. When it is switched off, a
CW laser is turned on simultaneously. The APD is constantly monitoring the fluorescence of
the single Ce ion. The femtosecond pulse laser wavelength at 448 nm has a repetition rate of
2.5 MHz with 10 yW average laser power. The CW laser is a blue diode laser operating at a
wavelength of 451 nm, and its power is 150 uW. (b) Fluorescence time trace of a single Ce ion
under pulsed and CW lasers excitation. It should be noted that this decay curve is taken as time
traces, i.e. continuous monitoring the fluorescence intensity of the single ion.

is thus a common phenomenon in different samples, indicating that it is photo-induced
by the CW laser excitation. These results explain why in previous studies the attempts
of detecting single Ce ions under CW laser excitation were unsuccessful.
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Figure 5.2: Fluorescence time trace of Ce ions under CW excitation (a) single Ce ions in YAG
bulk crystal. (b) tens of Ce ions in YAG nanoparticles (10 ppm). (¢) Scheme of photo-induced
charge dynamics of Ce:YAG.

Normally, non-photostable single photon emitters in solids produce either photo-bleaching
or photo-blinking. Photo-bleaching is the photo-induced alteration of single emitters, e.g.
organic molecules, such that it is permanently unable to fluoresce (see Fig. 5.3(a) [146]).
When a single photon emitter shows photo-blinking, it alternates between a bright
state and a dark state, resulting a step-wise fluorescence signal. For example, charge
dynamics phenomenon show in quantum dots (Fig. 5.3(c)), and NV centers in diamond
present photo-blinks due to the charge dynamics in between NV~ and NV° states
(Fig. 5.3(c) [148]). However, the fluorescence decay of single Ce ions (Fig. 5.1) is quite
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unusual and distinct from the charge dynamics described here.
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Figure 5.3: Fluorescence time trace of three types of single photon emitters. (a) Single molecule
performs photo-bleaching. (b) Quantum dots show photo-blinking. (¢) NV centers in diamond
display charge dynamics in between NV~ and NV states. Figures are reproduced from [146-148]

From the literature we learn that as soon as Ce*" is pumped to the excited state [149],
it has a possibility to absorb one more photon, be promoted to the conduction band and
be photo-ionized to Ce'* [150,151], where the Ce*" is non-fluorescing (see Fig. 5.2(c)). It
can explain why Ce ions do not show fluorescence anymore after a short time of CW laser
excitation (the end of decay curve). However, the gradual fluorescence decay of single Ce
ions is counterintuitive. How this process happens and why single ions finally stay at Ce**
is not clear. Importantly, the identification and application of resonant excitations of
single Ce ions are also blocked by this non-desired photo-induced process since a narrow
linewidth single mode CW laser is required to resolve the optical transitions. Finding a
method to suppress it is essential for applications relying on resonant excitations, like
all-optical control of single Ce spin qubits.

5.2 Suppressing the fluorescence decay of a single
cerium ion with engineered laser sequence

The gradual decay from a single Ce fluorescence time trace suggests that exciting Ce ions
by CW laser are insufficient. In comparison, single Ce ions show good photostability under
the femtosecond pulse laser excitation. It indicates that the pulsed laser plays the key role
of keeping Ce photo-stable. A preliminary experiment is performed as presented in Fig. 5.4.
The pulsed laser and CW laser are switched alternatingly. The plotted fluorescence time
trace of the Ce ion shows that after 1 s low power of the pulsed laser irradiation, the Ce
again displays high fluorescence yield when the CW laser is switched on. It suggests that
the femtosecond laser pulses by some means improve the performance of the single Ce
ions.

To investigate how the pulsed laser interfaces with Ce ions, the following experiments
have been performed:
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Figure 5.4: (a) Fluorescence time trace of a single Ce ion under pulsed and CW lasers excitation.
(b) Scheme of laser pulse sequences.

APD

1. Varying the pulsed laser power. To figure out the power dependence in the photo-
induced process, the power of the femtosecond pulsed laser is varied, as shown in
Fig. 5.5(a). The pulse sequence is similar to Fig. 5.1(a). After the single Ce goes ”dark”,
the femtosecond pulsed laser is generated within 2 s time. When the pulse laser is switched
off, the CW laser is turned on. As presented in Fig. 5.5(a), each curve corresponds to differ-
ent pulse laser power (from 5 uW to 180 pW). It is important to monitor the fluorescence
intensity of single Ce ions when the CW laser is switched on, which corresponds to the
starting peaks of the decay curves ("starting point” at 2 seconds in Fig. 5.5(a)). These
peaks indicate whether a single Ce has been brought "normal” (bright) after the pulsed
laser irradiation.

The "starting point” (Fig. 5.5(b)) shows low fluorescence yield when the pulse laser
power is kept low (5, 10 pW). It alludes that at the ”starting point” Ce is not fluorescing
with high efficiency. As soon as the pulse laser power is higher than 20 W, fluorescence
intensity at the ”starting point” stays at the same level. It indicates that Ce is completely
"normal” again by the pulsed laser irradiation. In addition, the CW laser displays huge
power fluctuation in the first 0.2 s operation time, resulting in the wiggling around 2.1 s
in the fluorescence time trace.

2. Varying the duration time of the pulsed laser. We keep the pulsed laser power low
(5 pW). The duration time of the pulsed laser is varied from 0.1 s to 3 s. The CW laser
power is kept at the same condition as in previous experiments. The fluorescence time
trace of a Ce is recorded and plotted in Fig. 5.6(a). If the operation time of the pulsed
laser is short (0.1 s), Ce displays almost no fluorescence when the CW laser is turned
on. With increasing repumping time of the pulsed laser, the ”"starting point” of the
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Figure 5.5: (a) Fluorescence time trace of a Ce ion. The CW laser is kept in the same condition.
The pulse laser is operating on the wavelength at 440 nm with reputation rate 2.5 MHz, which
its power is varying from 5 yW to 160 uW. The CW laser has wavelength at 450 nm, power is
150 uW. (b) Fluorescence yield of the ”starting point” of the single Ce ion when the CW laser
is switched on.
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Figure 5.6: (a) The relation between pulsed laser irradiation time and Ce fluorescence decay.
The pulsed laser power is kept low (~ 5 pW). The duration time of the pulsed laser is changed.
Meanwhile, the CW laser power is constant. (b) Fluorescence yield of the ”starting point” of
the single Ce ion when the CW laser is switched on.

fluorescence time trace rises up. It indicates that the photo-induced dynamics starts to
overcome after long time irradiation of the pulsed laser.

3. Varying the wavelength of the pulsed laser. The power of the CW and the pulsed laser is
kept constant, while the wavelength of the pulsed laser is tuned from 405 nm to 448 nm.
The ”starting point” displayed in Fig. 5.7(a) reveals, there is no difference in between
415 nm to 448 nm. However, if the wavelength of the pulsed laser is shorter than 410 nm,
it might cause reduced Ce®* fluorescence at the ”starting point”. It is also necessary to
point out that the band gap of the YAG crystal is 6 eV. If the excitation laser wavelength
is shorter than 206 nm (two-photon absorption of 412 nm), the electrons will be directly
excited from valence band to conduction band.
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Figure 5.7: (a) Fluorescence time trace of a Ce ion. The CW laser is kept constant. The
wavelength of the pulsed laser is tuned from 405 nm to 448 nm. (b) Varying the number of laser
pulses. The power of the pulsed laser is kept high (460 W with 2.5 MHz repetition rate, the
wavelength at 424 nm). The number of laser pulses is varied from 25 to 250,000. Meanwhile, the
CW laser power is constant.

All the evidence presented here indicate that irradiation of the pulsed laser somehow
restores the single Ce ion who was non-fluorescing after the CW laser excitation. To
figure out how many laser pulses which are needed to restore the Ce fluroescence back,
the number of laser pulses is varied. In the experiment, the power of the femtosecond pulse
laser is kept high (460 W with 2.5 MHz repetition rate, the wavelength at 424 nm). The
number of laser pulses is varied from 25 pulses to 250,000 pulses. Meanwhile, the CW
laser power is constant. As presented in Fig. 5.7(b) that after 25 pulses irradiation, the
"restoration” is insufficiency. It suggests that at least 250 femtosecond laser pulses in 1 s
are required to bring the Ce ions back to Ce3*. It should be noticed that if 7% collection
efficiency is under consideration, 250 laser pulses per second contributes less than 17
photons per second as additional background.

Furthermore, for the laser pulse length, we observe that femtosecond laser definitely can
re-charge the Ce ion and the pulsed CW or even a picosecond laser will not help the
Ce ions to go back to Ce?*. This suggests that repumping Ce ions depend on a critical
pulse length. When either laser pulse length is shorter than this critical pulse length, for
example, the femtosecond laser pulse, the restoring process works. When the pulse length
is longer than the critical pulse length, such as 10 picosecond laser, the restoring process
fails.

5.3 Proposed model of single Ce photo-induced dy-
namics

In this section, a model is proposed to understand the single Ce photo-induced dynamics.
It includes the excited state absorption, electron transfer through deep level traps and
two-photon excitation processes.
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5.3.1 Excited state absorption

To understand the photo-induced dynamics, we first consider excited-state absorption
process induced by the CW laser excitation. Figure 5.2(c) displays the band gap of YAG
crystal and the relevant energy levels of Ce" within it. Since the energy gap between the
conduction band and 5d state is smaller than the CW photon energy, the electron staying
in 4f state can be pumped to the conduction band through excited-state absorption.
Consequently, the ions are converted from state Ce3t to the non-fluorescing Ce*™ state
and will stay at Ce*t state. So the CW laser itself can only result in fluorescence dynamics
like photo-bleaching in single molecules. However, the fluorescence decay rather than a
jump is not understood using the current model.

5.3.2 Deep level traps in YAG crystal

Regarding the literature, scientists reported that in YAG crystals, rare earth ions can
be surrounded by a lot of impurities, for example, Cr, Fe impurities, Al and O induced
vacancies introduced when the crystal was grown [152]. Some of these impurities play a
critical role of deep level traps lying in between the conduction and valence band of YAG
crystal (see Fig. 5.8(d)) [153, 154]. However, the precise location of the deep level traps
is still under investigation. We assume here that deep level traps are lying in between
the lowest 5d states and the conduction band. We correlate the observed counterintuitive
gradual fluorescence decay with the reported deep level traps, and propose the following
photo-induced dynamics:

Under the CW laser excitation, the single Ce ion is excited to the 5d excited state. It
might decay back to the 4f state with an emitted photon. However, it is also possible
that it absorbs an additional photon and is promoted to the conduction band. Thus Ce3*
is photo-ionized to non-fluorescing Ce*t ions. Once the Ce3* has been photo-ionized
to Cel™ states, by tunneling from nearby deep level trap the Ce ion might capture an
electron to compensate the lost one, thus recovering into the Ce®™ charge state. (Also
another possibility is that the electron in the deep level traps is excited to the conduction
band, and eventually, scattered and re-captured by the Ce ion.) As the result, Ce ion
is converted back to fluorescing Ce3*. If the CW laser is constantly irradiating, the
Ce3* ion is photo-ionized to Ce*" from time to time. Donors in the deep level traps
are successively transferred to converted Ce*t into Ce3*. The decline in fluorescence
indicates a gradual reduction of the number of donors and the correlated probability
to the gradual decrease of the fluorescence intensity. Eventually the deep level traps
are empty resulting in Ce staying in non-fluorescing Ce'* state as shown in Fig. 5.8(a), (c).

According to the proposed model, we perform the CW laser power dependent measure-
ments with the fluorescence decay of single Ce ions to understand smooth gradual decay
behavior of Ce ions. As shown in Fig. 5.9, the fluorescence time traces of a single Ce ion
are recorded with different CW laser power, while the pulse laser power and the duration
time are constant. The pulse sequence is the same as Fig. 5.1. First, the single Ce ion is
optically initialized by the pulsed laser. After one second, we switch off the pulsed laser
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Figure 5.8: (a) Fluorescence time trace of a Ce ion. High fluorescence yield corresponds to
the trivalent state of cerium and low fluorescence yield represents Ce?* state. (b) Donors in the
deep level traps are empty and resulting Ce stays in Ce?T states. (c) Electrons in the deep level
traps are restored by high peak intensity femtosecond laser pulses. (d) The proposed model for
the charge dynamics of single Ce ions.

and turn on a CW laser simultaneously. Each decay curve corresponds to different CW
laser power between 50 W to 500 uW. It can be clearly observed in Fig. 5.9, if the CW
laser power is high, the Ce ion shows strong fluorescence intensity at the ”starting point”.
Meanwhile, the increase of the CW laser power indicates the faster decay rate in the decay
curves. This phenomenon implies the correlation of the decay speed with the CW laser
power and excitation-emission-reexcitation cycling speed.

5.3.3 Two-photon excitation process

When the non-fluorescing Ce ion is irradiated by the high peak power femtosecond
laser pulses, Ce can be excited again by the CW laser, indicating the possibility of
restoring the deep level traps (see Fig. 5.8(d)). We suspect that there is some two-photon
excitation process involving in this pulsed laser irradiation. Once we shift our Ce:YAG
optical setup to another optical table and couple the femtosecond pulsed laser through
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Figure 5.9: Fluorescence time trace of a single Ce ion under different CW laser excitation
power (from 50 pW ~ 500 pW).

a 12 m optical fiber to the confocal microscopy. Surprisingly, we found that, after the
femtosecond laser pulses propagating in 12 m optical fiber, it can not light up single Ce
ions anymore. We thus shortened the optical fiber from 12 m to 8 m. As the result, single
Ce ions can be excited and resolved afterwards. However, the fluorescence scanning image
presents a fairly low contrast. This evidence suggests that single Ce ions can not be
efficiently excited when the femtosecond laser pulses have been extended to picosecond
laser pulses with the same average laser power. This indirect evidence suggests that a
two-photon excitation process is involved in this Ce:YAG photo-induced dynamics. The
pulses can either promote the electrons from the valence band to deep level traps or
bring the electrons directly to the 5d states of the Ce ion. Thus it shows strong power
and irradiation time dependence to the pulsed laser. When the deep level traps are fully
restored, the system reaches its initial condition, where the single Ce ion is brought back
to the Ce®" charge state by the help of the donor electrons in the deep level traps.

Although we don’t fully understand this photo-induced charge dynamics process in single
Ce ions, the evidence is observed show that the high peak intensity laser pulses sufficiently
re-active the non-fluorescing Ce ions. Therefore, in the spectroscopy experiments we can
apply a low repetition rate pulsed laser to keep the Ce ion photostable, simultaneously a
single mode CW laser can be used to resonantly excite single Ce ions.
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5.4 Conclusion

In this chapter, the counterintuitive fluorescence time trace of single photon emitters
namely a single Ce ion in YAG crystal has been observed, which presents a gradual
decay curve in the fluorescence time trace when it is under a CW laser excitation.
A possible picture is drawn to explain this phenomenon, where deep level traps
in the band gap are introduced as the donors to convert Ce back to Ce®*". So far
this is only a proposed model, more experiments such as thermal luminescence or solid
state spectroscopy, should be carefully performed to either support or optimize this model.

Unfortunately, the observation indicates that the attempts of resonant excitation Ce ions
by CW laser will be unsuccessful. However, we also notice that Ce shows good photostabil-
ity under femtosecond pulsed laser irradiation. The studies suggest that the femtosecond
laser pulses induce the two-photon absorption which restores the donor electrons in the
deep level traps. Therefore, if the femtosecond pulsed laser and CW laser is applied si-
multaneously, Ce shows good photostability. With the combination of low repetition rate
femtosecond pulsed laser and CW laser offers a new way to excite Ce ions through its
resonant, optical transitions and coherent addressing single Ce spin qubit all-optically.



Chapter 6

All-optical addressing single Ce spin
qubits

In Chapter IV, high fidelity optical initialization, coherent manipulation and optical read-
out of single Ce spin qubits have been demonstrated. It paves a way to study the inter-
facing of the light and single rare earth solid-state qubits. Compared to the techniques
for microwave manipulation as shown before, all-optical control is a fast and precise ap-
proach to coherently manipulate single solid-state qubits. It is an essential step towards
the development of integrated nanophotonic systems using single rare earth ions.

In Chapter V, the charge dynamics of single Ce ions has been studied. High peak intensity
femtosecond laser pulses efficiently suppress the charge dynamics of Ce ions. It results in
the good photostability of a Ce ion when it is excited under the combination of low
repetition rate femtosecond pulsed laser and a CW laser. In this Chapter, high-resolution
spectroscopy of single Ce ions in YAG is performed. Four narrow and spectral stable
optical transitions can form two A system. Utilizing either of the A system, the preparation
of coherent dark states of a single Ce spin qubit has been demonstrated. Exciting single Ce
ions resonantly and addressing its spin states all-optically offers more degree of freedom
to coherently control single Ce spin qubits.

6.1 Theory of coherent population trapping

Coherent population trapping(CPT) [155] and related physical phenomena (electromag-
netically induced transparency [156,157], slow light [158], lasing without inversion [159],
etc.) as one of the common techniques in quantum optics have been discovered and
developed in several decades [160]. It is a consequence of quantum interference effect
between two excitation pathways when two ground levels are both excited to a common
excited state. CPT was initially used in quantum ensembles to initialize, unitarily
manipulate and readout the quantum states all-optically. Recent years, it has been
demonstrated at single-ion level in atom systems and solids resulting in the all-optical
addressing of single spin qubits [161-165], which is a key tool for precise and fast control
of single qubits [166, 167].
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Consider a three-level system interacting coherently with two external electromagnetic
fields: probe and coupling field. The three-level A system is shown in Fig. 6.1(a), that |g;)
and |g2) are ground states, and they share a common excited state |e). In the A system,
state |g1) and |e) are on resonance with frequency w, = w, —wy;. While state |g2) and |e)
are on resonance with frequency w, = w. — wye. The frequency detuning A; and A, are
introduced from the resonant transitions w, and w, respectively. I'cg; and I'cgo correspond
to the radiative decay rates from the excited state |e) to two ground states |g1) and |ga).
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Figure 6.1: (a) A three-level A system coherently interacts with two external electromagnetic
fields. (b)-(f) Absorption spectrum with different parameters. (b) 749, = 1, g, = 3, and
Qe = 0. (¢) Ygog1 = L, Yegr = 3, and Qe = 1. (d) Ygog; = 1, Yeg = 3, and Qe = 2. (e) Ygoq, = 1,
Yegr = 3, and Q¢ = 4. (f) vgp9; = 0.03, Y¢g, = 3, and Q. = 1.

When the three-level system is interacting with the external electromagnetic field, the
CPT Hamiltonian is described by:

HCPT:HO+H1- (61)

In Eq. 6.1 Hy is the Hamiltonian of the three-level system without external electromagnetic
fields. H; represents the perturbation induced by the applied external field which is defined
by:

H1 = —qE - r, (62)

here ¢ is the charge of the electron. E and r represent electric field and a position vector.
With the rotation wave approximation, the Hcopr is written as [160]:

L [0 0 Q,
Hepr=gh| 0 =20 -2y) 9 |, (6.3)
Q, Q, —2A,
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where €, and . represent the optical Rabi frequency in between the |g;) < |e) and
lg2) <> |e) transitions caused by probe and coupling field.

The eigenstates of the Hopr are calculated as [160]:

la®) = sin @ sin ¢|g;) + cos Ple) + cos O sin ¢|gs), (6.4)
la™) = sinfsin ¢|g1) — cos Ple) + cos b cos P|ga), (6.5)
|a0> = cosf|g;) — sinb|gs), (6.6)

Qp V Q?)+QZ)

in which § = arctan(g?) and ¢ = 5 arctan(~¥—%-

Here, |a®) is particularly interesting to us, since it can be obtained from Eq. 6.6 that:

{e|Hcpr|a®) = 0. (6.7)

Equation6.7 suggests no contribution of state |e) to states |a®). In this case, the population
of the excited state is 0, indicating no absorption and fluorescence from the system. It
results in state |a°) as the dark state. This is so called coherent population trapping.

If the probe field is much weaker than the coupling field, it yields to €, < Q.. It yields
the 6 in Eq. 6.3 close to 0. The |a") state turns to |a’) = |g;). In addition, as soon as
the detuning of the probe field A; = 0 (probe field is on resonance with the transition
g1) > [e)), [a*) and [a~) are written as: [a*) = —=(19,) +|g2)) and Ja~) = =(1g1) [g2)).
These are normally described as dressed state picture.

Followed by the master equation for the atomic density operator, the first order suscep-
tibility x" is given by [160]:

X(l)(_w w,) = o % 46(|Q]? — 40A;) — 4A17§291 . 8527691 + 2'79192(‘Qc,2 1 Vo201 Vean
ner €oh 192e[* + (Yegy + 12A1)(Vgyg, + 126)[? |192e]* + (Yeg: + ZQAl)(('Ygz)m +i20)[?
6.8

where Yeg,, V400, Tepresent to the coherent decay rates from |e) to |g1) and from |gs) to
|g1) respectively. d is the two photon detuning: 6 = Ay — Ay. When the probe and pump
field are both on resonance with the optical transitions § = A; = 0, three parameters
Vgagis $2¢ and e, remain important. In Eq. 6.8 the imaginary part of the susceptibility
Im[x™] represents to the dissipation of the field by the system [160], which is represented
by the PLE spectrum of the three-level system.

The simulation of the Im[yV] corresponds to different ratio between vg,q,, Yeq, and €.
is shown in Fig. 6.1(b)-(f). If the coupling field is zero (Fig. 6.1(b)), the PLE spectrum
presents a lorentz like line shape, where the linewidth is determined by the coherence
decay rate of the excited state 7.5,. When the coupling field is applied, a dip appears
when the probe field frequency is on resonance with we,, . It indicates the successful
preparation of coherent dark states in between the ground states |g;) and |gs). The width
of the dip is limited by the coherence decay rate of the ground states 74,4,. As soon as
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the coupling power is heightened, the dip at the middle of the PLE spectrum goes deeper
as shown in Fig. 6.1(c)-(e). The width of the dip is broadened if the coupling field is
strong, which is known as power broadening effect. If the coupling field is weak and the
coherence decay rate of the ground state is relatively long as displaced in Fig. 6.1(f),
PLE spectrum of the CPT process expresses a narrow and sharp dip going down to the
background level.

In the case of single Ce ions embedded in YAG, to generate the coherent dark states of
single Ce spin qubits, two requirements should be under consideration.

(1) The construction of the A system. It is introduced in Chapter 3 if the external magnetic
field is perpendicular to the laser beam direction, both spin-flip and non-flip transitions are
allowed. To achieve this condition, we set-up an external magnetic field (see Appendix).
The external magnetic field (é ~450 G) dominates the optical selection rules of Ce:YAG,
indicating the permission of four optical transitions between the lowest Kramers doublets
of the ground state and of the excited state, as presented in Fig. 6.2, where the A system
can be formed.

2
D5/2 <\ Phonon absorption
Sd ,,"’ ‘/ bands
- 2D P A
2. — St car 1
S A v —~ \2932‘8?11?1[4- =
340 nm —
460 nm|{
489 nm
2
7/2
4f
« " ’
F5/2 ‘f_"'_.
~ ﬂ,-c:m—l - —
H, Hgo Hep I

Figure 6.2: The energy level and the selection rules of the optical transitions of single Ce ions
in YAG.

(2) Acquirement of resonant transitions of single Ce ions. It is essential to resonant excite
single Ce ions through the optical transitions to achieve the all-optical addressing of single
electron spin qubits. On top of that, if the transition linewidth is broad (bigger than the
ground state splitting) or presents huge spectral diffusion, the CPT signal will be almost
invisible. The obtainment the ZPLs of single Ce ions and determine the resonant transition
quality by means of photoluminescence excitation(PLE) spectrum is the next step.
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6.2 Emission spectrum of Ce:YAG

As it is introduced in Chapter III, the emission spectrum of Ce:YAG shows broad phonon
assisted sideband. Under ambient conditions, the ZPL of Ce:YAG is invisible due to the
strong phonon coupling. To know the up boundary of the temperature when the ZPL is
resolvable, the emission spectrum of Ce:YAG are measured at different temperatures. The
preliminary results of temperature dependence of Ce:YAG emission spectrum is shown in
Fig. 6.3. A Ce:YAG bulk crystal (1%) is cooled down in the cryostat experiment setup.
A laser wavelength of 450 nm is applied to excite the Ce:YAG through phonon sideband
transition. The fluorescence photons from Ce:YAG have been collected and recorded by a
spectrometer. Figure 6.3(a) shows the full range of the emission spectrum corresponding
to the different temperature. It reveals broadband phonon-assisted emission of Ce:YAG.
If the temperature is higher than 100 K, the ZPL of Ce:YAG can not be acquired. Higher
resolution spectrum have been performed with a finer optical grating to resolve the ZPLs
more precisely. The dependency of Ce emission spectrum with different temperature has
been plotted in Fig. 6.3(b). Ce:YAG ZPL appears when the crystal temperature is be-
low 80 K. If the lowest temperature is achieved,(~3.5 K) a sharp and narrow ZPL is
clearly presented. The ZPL of Ce:YAG is located around 489 nm with 0.46 nm FWHM
(~600 GHz).
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Figure 6.3: The dependence of emission spectrum of Ce:YAG bulk crystal with temperature.
(a) The emission spectrum of Ce:YAG in full range spectrum (b) The emission spectrum of
Ce:YAG with high resolution.

The Ce:YAG bulk measurements suggest that to acquire good quality of ZPLs, the tem-
perature of the YAG crystal has to be kept low (~3.5 K). To determine the ZPLs of
single Ce ions, the experiment is performed with the lowest setup temperature (3.5 K).
When a single Ce is excited by the pumping laser, its emission spectrum is recorded and
presented in Fig. 6.4. The emission spectrum of a single Ce ion is similar comparing to
the ensemble spectrum. Broadband phonon-assisted emission of a single Ce ion has been
clearly obtained with a sharp ZPL located around 489 nm. The linewidth of the ZPL of
a single Ce ion is limited by the resolution of the spectrometer. Due to the big inhomo-
geneous broadening of Ce:YAG crystal (~600 GHz), the ZPL positions of individual Ce
ions disperse in a wide range. For example, Fig. 6.4(c) shows two sharp ZPLs of single
Ce ions, both are simultaneously optically excited. The ZPLs are located in two different
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positions. It implies the possibility of selectively excite individual Ce ion in the spectral
domain. With the acquirement of the ZPL position of single Ce ions, the PLE of single
Ce ion can be measured to determine the optical transition quality.
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Figure 6.4: The emission spectrum of single Ce ions in YAG crystal temperature at ~3.5 K.
(a) Emission spectrum of a single Ce ion with full range. (b) The emission spectrum of a single
Ce ion with high resolution. (c¢) The emission spectrum of two individual Ce ions

6.3 Excitation spectrum of single Ce ions

The acquirement of the PLE spectrum of single Ce ions is performed in the following way:
A single mode narrow linewidth (~500 kHz) CW laser (wavelength of 489.15 nm, Toptica
Photonics DL pro) is swept across the ZPL position, while a 440 nm pulse laser with
2.5 kHz repetition rate is applied to ensure the good photostability (see Chapter 5). The
excitation spectrum of single native Ce ions in YAG has been displayed in Fig. 7.3(a) with
four well resolved optical excitation-transitions lines. These four excitation lines represent
four optical transitions between two pairs of spin states of the lowest 4f and 5d levels
as indicated in Fig. 7.3(a). Two strong peaks on the sides (the blue and red peaks) are
corresponding to the spin-flip transitions (D1 and D4 transitions), and two weak peak
at the center (the green and the orange peaks) are representing to two spin non-flip
transitions (D2 and D3 transitions). The different fluorescence intensities of each peaks
imply the different dipole oscillation strength between the transitions. The excitation
spectrum show good optical transition linewidth, which the FWHM is ~27x80 MHz.
FWHM of the transitions is broader than 27 x4 MHz excited state lifetime (70 ns) limited
linewidth. This broadening is mainly contributed by the dephasing process caused by
strong 2”Al nuclear spin bath, which is an intrinsic property of the host material.

The fluorescence intensity of a single Ce ion is recorded during each successive frequency
sweep through the optical transitions as expressed in Fig. 7.3(b). Stable optical transition
lines are presented without obvious spectral jumps and diffusion. When zoom into one of
the excitation lines (D1) and the line centers for each sweep are shown in Fig. 6.6. As one
can see, spectral jumps do not exceed 20 MHz, while the optical linewidth of natural Ce
impurities is 80 MHz. Thus, the instability is within the original linewidth. This contrasts
the behavior of NV centers in diamond, single Pr ions in YSO crystal, for which spectral
jumps as high as more than the optical linewidths are routinely observed. The forming of
the A system with spectral stability and narrow optical transitions of single Ce ions offers
an opportunity of precision addressing single Ce ion spins all-optically.
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Figure 6.5: (a) Photoluminescence excitation spectrum of the single Ce ion, four resonance
lines correspond to the optical transitions between the lowest Kramers doublets of the ground
and the excited states. (b) 20 successive excitation sweeps of the single Ce ion.
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Figure 6.6: (a) Successive sweeps around one resonance transition. (b) The center position of
the resonance transition corresponds to the sweeps.

6.4 All-optical generation of coherent dark states of
a single Ce spin

6.4.1 Coherent population trapping of single Ce spin states

From the excitation spectrum of single Ce ions obtained in the previous section, four
different optical transitions have been resolved. Two of these optical transitions D1, D3
(or D2, D4) can be used to form a A system (see Fig. 6.7(a)). The A system offers the
opportunity to generate the coherent dark states of single Ce spin qubits.

In the experiment, one laser is fixed on resonance with D1 transition acting as the pump
laser. Another laser known as probe laser is swept around the D3 transition (experiment
details are introduced in Appendix). The fluorescence intensity of single Ce ions corre-
sponding to the probe laser frequency is plotted in Fig. 6.7(a). It shows a broad peak
with a dip at the center, where drops down nearly to the background level. The frequency
of the dip is the center of the D3 transition, indicating no Ce emission when both probe
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Figure 6.7: (a) CPT of a single Ce ion. The red curve shows the fitting of the CPT. The
blue curve represents the simulated Rabi splitting process. (Inset) Scheme of the single Ce spin
CPT. The pump laser is on resonance with D1 transition. The probe laser is swept through D3
transition. (b) ODMR of the single Ce ion. (Inset) Scheme of single Ce ions ODMR. The ground
spin state is optically polarized by D3, the spin non-flip transition.

and pump lasers are on resonance. The forming of the dip indicates that the ground spin
state is coherently trapped in a dark superposition state.

The width of the CPT dip is ~27 x 35 MHz, which is influenced by several decoherence
process, such as the intrinsic ground spin state dephasing and the power broadening caused
by probe laser power. To figure out the CPT linewidth, the ODMR has been performed
to obtain the intrinsic dephasing rate of the ground-state spin transition. The excitation
laser is applied on resonance with the D3 transition to initialize the Ce ion into |4f 1).
MW radiation is swept through resonance of the ground-state spin transition. We keep the
power of both MW and laser low to prevent the power broadening. When the MW is not
in resonant with the spin transition, the Ce spin remains in [4f 1), with low fluorescence
level. If the MW is on-resonance, the Ce spin is repumped to [4f |), resulting in the
dramatically increasing the fluorescence yield as shown in Fig. 6.7(b). The linewidth
of the ODMR curve is 2r x 8.4 MHz, in agreement with the previous observation in
Chapter 4. In previous work, an external magnetic field was settled to have spin-flip
transitions of single Ce ions. Through phonon absorption sideband transition, fidelity of
spin initialization was more than 97%. However, resonant excitation of the single Ce ion
shows a more robust way to initial and readout its spin state. By comparing the dark
state and coherently mixed state in the ODMR signal (Fig. 6.7(b)), the fidelity of spin
initialization is more than 98%. With this method, accurately alignment of the external
magnetic field to have high contrast selection rules was not necessary. Furthermore, narrow
linewidth resonant transitions offer the opportunity to individually and independently
excite, initialize, manipulate and readout single cerium ions even they were close to each
other.
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6.4.2 Studying of the CPT dip

To understand the width of measured CPT dip theoretically, we consider the four-level
system |[4f 1), [4f ]), |5d 1), |5d ) as shown in Fig. 6.7(a) which are related to the
CPT process. Two ground states [4f 1), |4f {) and one excited state |5d |) form the A
system, while |5d 1) is an auxiliary state. A master equation is introduced to describe the
dynamics of the laser-driven 4 level system:

dp 1
where the interaction Hamiltonian is
0 0 Q3/2 0
0 Al — AQ 923/2 0
Hint = : 6.10
¢ D3/2  Q3/2 A 0 (6.10)

0 0 0 0

where (o3 and 243 represent the Rabi frequency induced by coupling and probe laser
on-resonance with D1 and D3 transitions respectively. The detuning of the pump and
probe laser is expressed by Ay and A;. The Lindbald superoperator Z[p] describing the
spontaneous emission process is given by [164]:

1
Zlp| = Z Ziilp] = —3 Z(ijcz‘jp +pClLCij) + Z CiipCY, (6.11)

here the collapse operator C;; is related to the transition rates I';;:

Cij = VTl il (6.12)

In the Lindbald superoperator Z[p], the spontaneous decays of state |4f 1) is
~2mx3 MHz. The pure dephasing rate is ~27x4 MHz in the ground spin states. The
spin-flip transitions between state |5d |) and |5d 1) is ~27wx3 MHz, while the dephas-
ing rate of the optical coherence is ~27x80 MHz. Power boarding induced by high Rabi
frequency of the pump laser is the only unknown parameter which can be fitted.

The steady state solution of the master equation %f = 0 is solved. The density matrix
p is obtained, which is applied to explain the experimental data. When the pump laser
introduced Rabi frequency {23 ~ 62 MHz, the fitting curve(the red curve in Fig. 6.7(a))
shows good agreement with the experiment data. The blue curve in Fig. 6.7(a) represents
the Rabi splitting caused by such pump laser power presenting a much shallower dip. It
also indicates that the observed dip is related to the successful generation of a coherent
dark state of a single Ce spin.

The CPT dip linewidth as a function of the pump laser power has been measured to
quantify the power broadening effect in the CPT process. The dip linewidth shows the
linearly dependence of the pump laser intensity , as indicated in Fig. 6.8(a). By a linear
fit, the intercept of the dip linewidth is ~10.7 4+ 3.2 MHz. It is related to the CPT process
without power broadening. The fitted value is in agreement with the intrinsic linewidth
8.4 MHz acquired from the ODMR signal. Furthermore, detuning effects of the pump
laser on the CPT process are also investigated as indicated in Fig. 6.8(b), (c¢). The pump
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Figure 6.8: (a) The CPT dip linewidth corresponds to the pump laser induced Rabi frequency.
(b)Pumper laser is detuned from the resonance +26 MHz. (¢c) Pumper laser is detuned from the
resonance -25 MHz.

laser frequency is detuned from the resonance frequency(D1) 426 MHz and -25 MHz
respectively. The CPT dips remain at 1.15 GHz, while the fidelity of CPT dips is reduced
when the pump laser frequency is not matching the resonance transition. It implies that
the CPT process presents the highest fidelity when both pump and probe laser are on
resonance(D1 and D3 respectively.

6.5 Conclusion

In conclusion, in this chapter, the resonant excitation of single Ce ions in YAG has been
achieved. Based on the A system in the optical transitions, all-optical generation of co-
herent dark states of single Ce ions has been demonstrated by CPT method. The CPT
method is capable of fast controlling a single spin with picoseconds or nanoseconds time
scalar due to the strong optical transition dipole of Ce:YAG. Comparing to, coherent
manipulation of single Ce spin with complicated MW pulse sequence as introduced in
Chapter 4, the all-optical approach is more convenient to unitary manipulate a single Ce
spin in the Bloch sphere. In addition, the PLE of single Ce ions shows ~ 27 x 80 MHz
transition linewidth, with good spectral stability. It offers an opportunity to spectrally
select, excite and coherent manipulate a single rare earth spin qubit without influencing
the surroundings. In general, it paves a new and novel way to all-optical manipulate single
rare earth spin qubits.



Chapter 7

Spectroscopy of single
praseodymium ions in YAG

Due to the natural isolation from the environment, nuclear spin has very long co-
herence time. It is regarded as a promising candidate for quantum memory [168].
Especially nuclear spin with optical access provides an opportunity for realizing the
effective optical quantum memory, a necessary element for quantum repeater network.
Based on the optical access and well-developed ultrafast optical control techniques, such
nuclear spin can also be much more functional in conventional quantum registers [40,169].

In this chapter, under cryogenic temperature, we optically identified single Pr ions in YAG
, another species of rare earth ion with nuclear spin 5/2. The PLE of a single Pr ion has
been observed. We also demonstrated the coherent addressing a single nuclear spin of Pr
ion by RF radiation. Furthermore, we provided all-optical control of a single trivalent Pr
ion in YAG. The observation of PLE, ODMR and the all-optical control of single Pr ions
offers us an opportunity to explore single Pr nuclear spins as memory qubits.

7.1 Optical detection of single Pr ions in YAG

As introduced in Chapter 2, Pr:YAG has the energy structure as shown in Fig. 7.1.
The presence of crystal field lifts the 2J41 fold degeneracy and hence the ground
state 3Hy is split into nine sublevels. The lowest three sublevels have energy difference
0 cm™, 19 em™! and 50 cm™! respectively [170]. Due to the magnetic hyperfine interac-
tion to Pr3* nuclear spin 5/2, each energy level splits further. The splitting is dominated
by the second order hyperfine interaction which can be described by a Hamiltonian that
takes the same form as the Hamiltonian for electric quadrupolar interactions. For this rea-
son, the hyperfine levels with different I? split up but hyperfine levels +1, are still doubly
degenerate under zero magnetic field. For ground state 3H, (1) the hyperfine splittings are
33.4 MHz and 41.6 MHz, and for excited state *Py they are 1.8 MHz and 2.9 MHz [171].

In 2012, the first optical detection of single Pr ions in YAG has been demonstrated in our
group [83]. The efficient detection relies on the upconversion process (see Fig. 2 (a)) to
induce strong fluorescence yield, as well as using a high N.A. oil immersion objective lens
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Figure 7.1: Energy level of Pr:YAG. The lowest energy ground state 3Hy(1) shows Zeeman
splitting 33.4 and 41.6 MHz and the first excited state 3Py presents hyperfine splitting 1.8 and
2.9 MHz respectively.

to achieve high collection efficiency. However, since the experiment has been performed
at room temperature, the coherence time of Pr ions is dominated by the electron phonon
coupling. The T; time of Pr:YAG nuclear spins is too short (<1 ns) to be observed.

In this chapter, we cooled down YAG till cryogenic temperature to suppress the phonon
effect and enhance the spin coherence time of single Pr3* ions. This improvement enables
to resolve the hyperfine transitions of single Pr** ions and coherently manipulate them.
Furthermore, to overcome the absence of high N.A. oil objective lens at low temperature,
solid immersion lenses have been fabricated on the surface of YAG crystal by focus ion
beam milling [172]. Under the SILs, excitation laser power, collection efficiency and spec-
tral resolution of the upconverting microscopy has been improved [173]. The upconversion
process is performed by a blue laser to excite Pr ions to the first excited state, as well
as a high power laser with wavelength at 532 nm (~10 mW laser power) to subsequently
promote the Pr ions to the higher 4 f5d state. More than 400 times fluorescence enhance-
ment by this upconversion process can in principle be achieved in comparison with the
direct 3P, —3 Hy transitions. To first localize single Pr ions, the blue laser is applied with
wavelength at 487 nm and laser power about 1 mW. By performing spatial scanning and
collecting the UV photons in the wavelength range of 300-400 nm, the upconversion scan-
ning microscopy image of single Pr ions under the SIL is obtained and shown in Fig. 7.2.
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Figure 7.2: (a) Single Pr ions is excited to the first excited state by a broadband 487 nm
wavelength diode laser. A second laser (wavelength at 532 nm) is applied to promote the Pr ion
to higher 4 f5d state to achieve the upconversion process .(b) Upconversion scanning microscopy
images of single Pr ions under a SIL. Single Pr ions have been well resolved by air objective
lens.

Every bright spot in the image corresponds to individual Pr ions.

7.2 Upconverted PLE of single Pr ions in YAG

With the above improvements, we first extend the reach of our previous study to the
ground state energy structure through the PLE measurement.

For this measurement, we switch the blue laser to a narrow line width single mode laser
(Toptica photonics) and sweep its frequency through the *H, —3 Py transitions. The high
power green laser (wavelength at 532 nm) is using the same setting as in the upconversion
scanning microscopy image measurement.

To avoid the power broadening effect, the single mode laser is kept in low power (~5 pW
laser power). The obtained upconverted PLE spectra shows there well resolved optical
transitions (Fig. 7.3(b)). The frequency difference of theses three transitions are 32.7 and
42.3 MHz respectively which exactly corresponds to the hyperfine splitting of the ground
state 3Hy(1). However, since the width of the optical transitions is ~ 27 x 6 MHz, the
hyperfine splitting of the excited state 3Py are not resolved in the spectra. The intrinsic
optical linewidth should be much narrower than 27 x 6 MHz, according to the measure-
ments in ensemble Pr ions. And the linewidth of the single mode laser is around 1 MHz.
These two values mean that the width measured here is induced either due to the spectral
diffusion or by the power broadening. The power broadening effect can be investigated by
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Figure 7.3: Upconverted PLE of a single Pr ion in YAG.(a) Energy diagram of the PLE,
a single mode narrow linewidth laser wavelength at 487 nm is swept across the ground state
Zeeman splitting levels. Second green laser wavelength at 532 nm is applied to readout the spin
states by upconversion process. (b) Upconverted PLE spectrum of a single Pr ion, indicating
~8 MHz optical transition linewidth. (c¢) Successive upconverted PLE sweeps of a single Pr ion.
It suggests that the optical transition lines are stable.

further reducing the laser power. However since the fluorescence signal decays quadrati-
cally as laser power reduces, the signal accumulation becomes an issue . In current 5 pW
blue laser power, the fluorescence counts with 200 per second are already trouble for the
measurements.

The successive upconverted PLE sweeps of a single Pr ion is demonstrated in Fig. 7.3(c)
showing almost the same line shape as in Fig. 7.3(b). According to the above discussion,
the spectral diffusion induced linewidth is at most 27 x6 MHz. Compared to the PLE
spectrum of single Pr ions in other crystals [96], like YSO nanoparticle [74, 174]s, the
PLE spectrum of single Pr ion in YAG presents higher signal-to-noise ratio and better
photostability with less spectral diffusion.

7.3 Upconverted ODMR of single Pr ions in YAG

The obtainment of the hyperfine splitting resolved PLE spectrum of single Pr ion enables
the resonant optical initialization of the ground spin state. This allows us to further study
the coherent spin property of single Pr nuclear spins. Here the upconverted ODMR is
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performed to acquire the hyperfine splitting and study the spin properties. In addition,
applying two lasers (487 nm and 532 nm) to realize the spin initialization and spin readout
through the upconversion process, the ODMR measurements requires an RF source to
induce spin transitions between different nuclear spin state (see Fig. 7.4(a)).
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Figure 7.4: Upconverted ODMR of a single Pr ion in YAG.(a) Energy diagram of the ODMR,
the single mode narrow linewidth laser is on resonance with either of the optical transitions.
(b) and (c¢) Upconverted ODMR spectrum of a single Pr ion in YAG. The laser frequency is on
resonance with 3Hy(£3/2) —3 Py transition (or 3Hy(41/2) —3 Py transition) The linewidth of
ODMR spectrum is ~1 MHz.

Experimentally, the single mode laser frequency is tuned on resonance with one of the
optical transition b or ¢ in Fig. 7.4(a). With the RF frequency sweeps, the upconverted
ODMR spectra of a single Pr ion is shown in Fig. 7.4(b) and (c).If the excitation laser is
on resonance with 3Hy(43/2) —3 Py transition, it presents two peaks with frequency at
33.4 and 43.7 MHz (see Fig.7.4(b)). On the other hand, when the laser is on resonance
with 3Hy(£1/2) —3 Py transition(or on resonance with 3H,(+5/2) —2 Py transition), one
more peak with frequency at 78 MHz appears in the ODMR, spectrum. This additional
peak appears due to two reasons. One reason is that the transitions from +1/2 to +5/2
are allowed due to the state mixture between different spin sublevels. The other one is
the population between +1/2 and +5/2 is different under *Hy(+1/2) —3 Py transition(or
on resonance with Hy(+5/2) —3 Py transition)

The linewidth of the ODMR spectrum is ~1 MHz, which is one order of magnitude
narrower than the ODMR linewidth of single Ce:YAG. It indicates that the single Pr
nuclear spin qubits have at least ten times longer T3 time than single Ce electron spin
qubits. However, this linewidth is still much larger than the theoretical expectation value,
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which should be three orders of magnitude smaller than linewidth of the single Ce electron
spin qubits. One main reason is that in Pr:YAG spin-lattice relaxation mechanism is
Orbach relaxation. The second lowest ground state (*Hy(2)) is only 19 cm™! higher than
the ground state (*Hy(1)). In the current 3.5K experimental condition, the phonon effect
is not sufficiently suppressed. This results in short spin coherent time which can also
be indirectly seen from the ODMR measurements. For example, the baseline with more
than zero fluorescence intensity in Fig. 7.4(b) shows that spin is partially relaxed back
to +3/2 state, indicating the spin-lattice relaxation time is comparable with the time for
single ODMR measurement. To precisely study the spin coherence property like Ty and
Titime, either the contrast or the fluorescence signal requires being improved. The contrast
enhancement needs lower temperature condition. Meanwhile, a higher UV transmission
and collection efficiency objective lens, or good optical cavities can be a practical way to
increase the fluorescence counts.

7.4 Optical Rabi of single Pr ions in YAG

Since the optical lifetime of the 3Py state is 8us, it has been suggested to explore Pr ions as
qubits through their optical transitions. Here we demonstrate the coherent optical control
of this qubit. The Pr optical transitions are coherently driven by means of optical Rabi
as soon as the driving frequency is higher than the optical lifetime of the excited states.
Meanwhile, with the high the driving laser power (~1 mW), the optical transition lines
are merged (~100 MHz linewidth) resulting in the failure of optical pumping.
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Figure 7.5: Optical Rabi of single Pr ion
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In the experiment, the blue laser frequency at 487 nm is applied as the external driving
field. Single Pr ion is coherently driving in between the *H, and 3Py states (Fig. 7.5(a)).
A green laser is constantly shining to accomplish the upconversion process. The duration
time of the blue laser is various as shown in Fig. 7.5(b). The measured data is shown in
the inset figure in Fig. 7.5(c). It displays the optical Rabi oscillation of a single Pr ion in
between 3H, and ®P states. The baseline is raising up with the increasing of the various
time. It is due to the fact that the 487 nm wavelength blue laser can also achieve the
upconversion process, contributing the fluorescence signal in the mixed state. A linearly
correction function is introduced to eliminate this effect, where the corrected of the optical
Rabi oscillation is plotted in Fig. 7.5(c).It presents a good contrast, however, the oscillation
vanishes in a short time (~100 ns). We believe that high blue laser power induces not
only increasing baseline but also decreasing coherent time in between *H, and ®P states.
The obtainment of the optical Rabi oscillation of single Pr ions paves a way to fast and
precise control of single Pr qubits all-optically [175,176].

7.5 Conclusion

In this chapter, spectroscopic studying of single Pr ions in YAG has been performed
at cryogenic temperature. The single Pr ions in YAG show narrow optical transition
linewidth and stable optical transition. However, the intrinsic spin property is concealed
by the electron phonon coupling even at 3.5K. It suggests that the full application of single
Pr ions should be performed at much lower temperature. Moreover, we can improve the
total collection efficiency of the single Pr fluorescence once Pr ions are coupled to photonic
devices like nano-rods or photonic cavities. The good optical property and spin property
of single Pr ions in YAG will offer a new opportunity of exploring the long lived nuclear
spins as qubits in quantum nodes.






Chapter 8

Nanoscale engineering rare earth
ions by ion implantation in solid
state hosts

In previous chapters, spectroscopy of single rare earth ions (Ce and Pr) in solids (YAG and
LuAG) has been investigated. Single rare earth species show remarkably narrow and stable
optical transitions and good coherent properties. The demonstration of optical detection,
initialization and readout, coherent manipulation of single rare earth spin qubits offers
a new platform for investigating and exploring rare earth dopants as single solid-state
qubits. However, so far, all the experiments are based on native single rare earth ions,
namely, intrinsic impurities in the hosts. The distance between individual rare earth ions
is 1~2 pm, indicating no coupling between single rare earth ions. Controlled fabrication
of single rare earth ions in desired positions is a key for coupling individual rare earth ion
qubits.

Ion implantation is a well-known method to generate ions locally in host materials. It has
been widely used in semiconductor industry, as one of the common doping methods [177,
178]. Recently ion implantation has been applied in solid state quantum physics region [57,
179, 180], to produce single qubits in special positions [181-183]. So far, only a couple of
reports show that rare earth ions have been created by ion implantation [184-186], and a
yield estimation could not be achieved previously since the single rare earth ion detection
is required.

In this chapter, nanoscale engineering rare earth doping in YAG has been demonstrated by
means of ion implantation. Due to the ability of single rare earth detection, the production
yield of Ce and Pr implantation have been measured. Different implantation energies,
doses and annealing parameters correlated with the production yield has been studied.
We also study the spectroscopic properties of single implanted Ce ions, which presents
narrow and stable optical and spin transitions.
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8.1 Mask preparation

Here, ion implantation has been performed by a FIB system in Prof. Andreas Wieck’s
group, Ruhr-Universitdt Bochum. Ions are accelerated in a range of 75~300 keV in the
FIB system, then impinge upon the sample. Implanted ions enter and collide with target
ions and electrons. It results in the replacement of target ions in the host material with the
implanted ions. Afterward, a post-implantation annealing procedure is applied to recover
crystallinity, and to increase the implantation yield. The implantation yield 7 is given by:

N
=N
where N corresponds to the number of ions replacing the target ions in the material, which
eventually converted into the fluorescing emitters. Ny represents the dose of implanted
ions.

n (8.1)
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Figure 8.1: (a) Schematic diagram of ion implantation by means of FIB. (b) Preliminary results
of Ce implantation, the laser scanning image of Ce implanted YAG. (c) and (d) Zoomed in figure
of (b), shows asymmetry dots.

A preliminary experiment is performed as presented in Fig. 8.1(a). Ce ions accelerated
till 100 keV are implanted through the FIB system into the YAG sample. After post-
implantation annealing, the laser scanning image of the implanted region is shown in
Fig. 8.1(b), where an array is clearly seen. The bright spots correspond to the Ce implanted
spots. However, the zoomed in scanning images (Fig. 8.1(c)(d)) display asymmetric spots
instead of symmetric ones. It indicates an unstable FIB system and fluctuating ion dose
during the ion implantation. In this case, it is impossible to estimate the production yield
due to the unprecise acquire of implantation dose and implanted area. To overcome these
problems, a special mask is introduced.

The procedure of mask preparation is shown in Fig. 8.2:

(a) SiOy nanoparticles (430 nm diameter) are spin-coated on a surface polished YAG
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Figure 8.2: (a) Spin-coat SiO2 nanoparticles on surface polished YAG crystal. (b) Evaporation
of Cu metal layer on the surface of YAG crystal. (c¢) Lift-off SiOy nanoparticles with holes
remaining. (d) Ion implantation (e) Wet chemistry etching and post-implantation annealing.

crystal.
(b) Copper is evaporated on the surface of YAG crystal.
(c) Scotch tape is applied to lift-off the SiOs nanoparticles and leave holes behind.

(d) Rare earth ions are implanted by FIB system. When the ion beam is on the mask,
they are stopped by the mask. When the ion beam is on top of the hole, ions go through
the holes and strike the crystal.

(e) After ion implantation, the mask is removed by wet chemistry etching and a post-
implantation annealing is performed to recover the crystallinity and improve the produc-
tion yield.

The implantation energy range of the FIB system is 75~300 keV. To stop the implanted
ions completely, a properly thick (200 nm) metal mask is needed. Experimentally 215 nm
SiO, nanoparticles are picked to produce the metal mask. Their SEM image is presented
in Fig. 8.3(a) showing uniform size and spherical shape. The thickness of the copper layer
is 200 nm. After scotch tape lift-off process, nano-holes radius around 220 nm is remained
on the surface, as shown in Fig. 8.3(b).

With the help of the proper implantation mask, the FIB system can be operated in
”continuous scanning mode”, where the instability of the FIB system, unprecise values of
implantation dose and areas are eliminated by averaging out.
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4

o

Figure 8.3: (a) SEM image of SiOs nanoparticles shows uniform size 215 nm radius. (b) SEM
image of the copper mask after the lift-off process (Fig. 8.2(b)) presents ~220 nm radius nano-
holes.

8.2 Pr ion implantations

After the mask is produced, rare earth ions can be implanted through the nano-holes
with precise acquire of implantation dose and area. Once the fluorescence intensity ratio
between implanted spots with single rare earth ions is obtained, we can estimate the
production yield of ion implantation.

Single Pr ions are the first rare earth species which can be optically detected in our lab
since 2012. With the help of the upconverting microscope, the fluorescence intensity of
Pr:YAG can be measured precisely with negligible background contribution.

In the experiment, Pr®* ions are implanted through the metal mask by FIB system which
were introduced above. The implanted Pr3* energy is 75, 150, 200, 300 keV with the dose
range from 10'2 ~ 10! ions/cm? for each energy. After the implantation, the mask has
been removed. The post-implantation annealing process is performed under the air at
1,200°C with 24 hours to recover the implantation induced damage.
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Figure 8.4: Upconversion fluorescence scanning image of (a) Pr implanted YAG. (b) Single Pr
ions in ultra-pure YAG crystal.

The upconversion fluorescence scanning image of one of the Pr ion implanted samples is
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shown in Fig. 8.4(a). The implantation energy is 225 keV with 6.85 x 10 ions/cm? dose.
Compared to the fluorescence image at single-ion level as presented in Fig. 8.4(b), the
implanted spots shows at least three orders of magnitude bright fluorescence intensities.

In the well-resolved Pr implanted spots, the upconversion fluorescence intensities have
been obtained. The number of Pr ions (N) is estimated by:

1

N=a—, 8.2

- (52)
here I correspond to the fluorescence intensity of Pr implanted spots. I represents the
fluorescence intensity of single Pr ions in YAG. Since the actual size of the nano-hole
(~200 nm) is bigger than the point spread function (~120 nm), an additional coefficient
factor « is introduced to compensate this difference (for more details please see [187]). In
our upconversion microscopy, a = 1.6. Equation 8.1 yields to:

I
IyNy
This infers the production yield of implanted Pr ions in YAG. The production yield of Pr
implanted ions corresponding to different implantation energies and fluences is plotted in

Fig. 8.5. The production yield varies from 6.03% (75 keV energy and 5.02 x 10'3 ions/cm?)
to 91% (300 keV and 9.1 x 10! ions/cm?).

n=a« (8.3)

In Fig. 8.5 several phenomenon can be determined:

1). Higher implantation energies refer to higher production yield. For higher implantation
energies, the struggle of implanted Pr ions is larger and the travel distance is longer
yielding to bigger implantation volume. Meanwhile implanted Pr ions with higher
energy generate more defects and show higher chance to replace the yttrium ions. The
post-implantation annealing process helps the Pr ions displacing yttrium ions and settling
in crystal lattice.

2). In the same implantation energy, higher fluence induces lower production yield. When
the implantation energy is constant, the implanted volume is constant and sees a varying
fluence. It indicates that the local density increases with the increasing of the fluence.
It yields the lower possibility for Pr ions substituting local yttrium ions. Eventually, the
higher the fluence is, the lower the production yield it will be.

Additionally, there are several components contribute the errors in Fig. 8.5: The fluence
value measured through the Faraday Cup in the implantation system; the varying size of
the nano-holes; the accuracy of the obtained point spread function; the fluorescence inten-
sity difference in between different implantation spots and individual single Pr emitters.

8.3 Ce ions implantations

Similar to Pr case, Ce ions are also implanted in YAG crystal through the FIB implan-
tation system. Owing to the optical detection of single Ce ions in YAG, the production
yield of implanted Ce ions can be quantified.
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Figure 8.5: Production yield of Pr implanted YAG. The implanted energies are 75, 150, 200,
300 keV with varying fluence respectively

Ce ions are implanted through the metal mask with nano-holes. The implantation energy
of Ce ions is 75, 150, 200, and 300 keV with varying fluence from 102 ~ 10 ions/cm?.
The post-implantation annealing is set at 1,200°C for 24 hours in reducing atmosphere
(Ar/Hj: 95/5 under 1 mbar) to recover the lattice damaging and to avoid the oxidizing
atmosphere, which might induce Ce inactivation.

One of the fluorescence scanning images of Ce implanted YAG has been shown in
Fig. 8.6(a), where Ce ions were implanted with 150 keV energy and 1.06 x 10'? ions/cm?.
Bright spots corresponding to implanted Ce ions show strong fluorescence intensity, which
is at least two orders magnitude higher than the fluorescence signal from a single Ce ion
with same experiment conditions (see Fig. 8.6(b)).

With the factor o = 3.02 in this case (related to the point spread function as introduced
previously), and obtainment of the fluorescence intensity ratio between the implanted
spots and native Ce ions, the production yield of implanted Ce is determined as shown

in Fig. 8.7.

The implanted Ce ions display similar phenomena as implanted Pr ions. In the same
fluence, the production yield increases with the increasing of the ion energies. On the
other hand, while the implantation energy is the same, the higher fluence presents, the
lower production yield shows. Due to the charge dynamics effect as introduced in the
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Figure 8.6: fluorescence scanning image of (a) Ce implanted YAG, with implanted energy
75 keV and fluence of 1.06 x 10*! ions/cm?. (b) Single Ce ions in pure YAG crystal.
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Figure 8.7: Production yield of Ce implanted YAG. The implanted energies are 75, 150, 200,

300 keV with varying fluence respectively

previous chapter, the production yield is
yield of about 53% is achieved when the
lowest fluence (10" ions/cm?).

not as high as implanted Pr ions. The highest
implantation energy reaches 300 keV with the
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8.4 Spectroscopy of implanted single rare earth ions

The demonstration of the nanoscale generation of Pr and Ce ions in the crystal, and the
quantification of the production yields of the ion implantation indicates an important
step towards coupling single rare earth qubits close to each other [188]. However, the ion
implantation might introduce additional strain with the damaged lattice structure, which
might affect the optical and spin properties of single solid-state qubits, for example,
NV centers generated by ion implantation show strong spectral diffusion and short spin
coherence time [189].

It is essential to study the spectroscopic performance of implanted rare earth ions at single-
ion level to evaluate the influence of the ion implantation to spin and optical properties
of single rare earth (Ce) qubits.
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Figure 8.8: (a) Fluorescence scanning image of implanted Ce ions in YAG at low temperature.
The excitation laser wavelength is at 450 nm. (b) ODMR of implanted Ce ions showing six
different ground spin transitions.

The experimental condition is the same as the one introduced in Chapter IV. A YAG
crystal with implanted Ce ions is mounted on the cold finger sample holder and cooled
down to ~3.5 K. Implanted Ce:YAG spots are excited and localized by a laser wavelength
at 450 nm (Fig. 8.8(a)). Due to the selection rules presented in Chapter IV, the circularly
polarized laser beam is applied to optically initialize the spin states, meanwhile, the
frequency of the MW radiation is swept. The ODMR spectra of implanted Ce spots have
been recorded as shown Fig. 8.8(b). In the ODMR spectrum, six different ground state
spin transitions have been observed with resonance frequency at 1,228 MHz, 1,325 MHz,
1,354 MHz, 1604 MHz, 1,646 MHz and 1,665 MHz respectively. In comparison with single
Ceions in YAG, ODMR spectra of ensemble Ce ions show much lower initialization fidelity.
However, ODMR linewidths of implanted Ce:YAG is ~10 MHz which is equivalent to the
ODMR linewidths of single Ce ions. It is the evidence that the ground state spin transitions
of Ce:YAG are not influenced by the ion implantation.

The ZPL linewidth of implanted Ce:YAG is ~ 27 x 550 GHz. It gives the possibility
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Figure 8.9: (a), (d) ODMR spectrum of single Ce ions created by ion implantation. Single Ce
ions are optically initialized by resonant excitation as introduced in Chapter 6. The resonance
frequencies of the ground state spin transitions are at 1605 MHz and 1650 MHz respectively. (b),
(e) Successive PLE sweeps of single Ce ions in an implanted spot.(c), (f) Excitation spectrum
of single Ce ions in the implanted spot.

to spectrally select, excite, and manipulate single Ce ions without affecting to other Ce
ions close. Once an implanted spot is localized, the narrow linewidth single mode laser
wavelength around 489 nm is applied to resonantly excite Ce ions and to obtain the
PLE spectrum. During the sweeping of the laser frequency, a certain frequency MW
radiation(on resonance with one of the ground state transitions) is generated to avoid
the optical pumping. In the experiment, when the MW frequency is at 1,605 MHz (see
Fig. 8.9(a)), one PLE spectrum is obtained as shown in Fig. 8.9(b). The PLE spectrum
presents two peaks with narrow linewidth (~ 2 7 x 110 MHz). The successive PLE sweeps
of the single Ce ion present no spectral jumps and spectral diffusion of a single Ce ion in
the implanted spot (see Fig. 8.9(c)).

However, in the host material, the Ce impurities are high. It is impossible to distinguish
whether the acquired PLE was contributed by an implanted single Ce ion or a native
single Ce center which is originally in the implanted spot. To unambiguously confirm
that the implanted Ce ions represent remarkably good optical properties, a second PLE
measurement is performed at the same implanted spot. The frequency of the MW ra-
diation now is at 1,650 MHz (see Fig. 8.9(d)), while this PLE spectrum is acquired.
In Fig. 8.9(e) and (f), four resonant transition lines are resolved with narrow transition
linewidth (~ 2 7 x 115 MHz). By the frequency difference, it can be deduced that these
four optical transition lines correspond to two single Ce ions with same ground state
splitting. Consecutive frequency sweeps of two single Ce ions illustrate also narrow op-
tical transition lines with good optical stability (no spectral jumps and diffusion). The
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linewidths of optical transitions of implanted single Ce ions are slightly broader than
native single Ce ions which might be caused by extra strain introduced during ion im-
plantation.

With the PLE spectra of three individual Ce ions in one implanted spot, it is apparent
that optical properties of single Ce ions created by ion implantation are almost as good
as native single Ce ions.

Implanted single Ce ions present high performance in both PLE and ODMR spectra.
There exists minority evidence, which the ion implantation influence the optical proper-
ties and spin properties of single Ce qubits.

8.5 Conclusion

In this chapter, the nanoscale engineering rare earth ions (Pr and Ce) in the crystal(YAG)
have been demonstrated by means of FIB implantation. Due to the precise acquirement
of implantation dose and area, fluorescence intensities of single Pr and Ce ions, the pro-
duction yield of ion implantation has been studied. With the lowest fluence in the FIB
implantation system, Pr ions show 91% production yield, while Ce ions present 53% pro-
duction yield.

The spectroscopic properties of implanted single Ce ions has been studied at low tem-
perature. In comparison with the other solid-state systems, e.g. defects in diamond and
quantum dots [190], implanted Ce ions show minimal influence by the damaging of the
lattice structure. Narrow and stable spin and optical transitions from implanted Ce ions
suggest that the spin and optical properties of implanted single Ce ions are as good as
native single Ce ions. These results give an opportunity to locally generate single rare
earth ions in a nanoscale volume close to the crystal surface and make precision optical
control of single Ce qubits.



Chapter 9

Outlook

In the previous chapters, spectroscopic studying of single rare earth qubits in solids have
been investigated. The remarkable spin and optical properties of single Ce and Pr ions
give an opportunity to explore single rare earth ions to single rare earth solid-state qubits,
which might be served as building blocks for constructing scalable quantum networks.
Studying and alternating different species of single rare earth qubits for various quantum
applications is essential to accomplish the ambitious goal.

In this chapter, various methods are proposed to improve the optical and spin properties
of single rare earth qubits. Eventually, CQED approach is raised to not only enhance the
optical properties of single ions but provide quantum channels to entangle two or many
separate quantum nodes.

9.1 Ce as a readout ion—Pr Ce energy transfer

It is introduced that the 5d —4f transitions of Ce:YAG emit photons wavelength in the
range of 485~650 nm, where the optical elements in the experimental setup present good
performance, meanwhile single photon detectors display high quantum efficiency. The
lifetime of the 5d state is 60 ns with quantum efficiency close to unit. It results in strong
fluorescence photon flux from Ce:YAG even at single-ion level (close to 100 kHz count
rate). However, single Ce ions have only electron spins instead of nuclear spins, indicating
strong influence by the local environment, resulting in 200 ns coherence time. On the other
hand, single Pr ions in YAG contain nuclear spins, yielding to much weaker coupling with
the environment, indicating long-lived nuclear spin qubits. However, Pr ions show more
barrier for proper harness optically. The first excited state 3P, presents a lifetime of
8 s, yielding to low excitation-emission-reexcitation rate. It makes almost impossible to
detect and manipulate Pr3* at single-ion level from this 4 f < 4f transitions. The second
excited state 4f5d is located in much higher energy level, resulting fluorescence emission
wavelength in the range of 300~450 nm. Normally optical elements perform much worse
in the UV range in terms of transmission and achromatic. Although the lifetime of 4 f5d
state is 18 ns, less than 10 kHz photons are eventually detected in current experiment
conditions. If we can keep the essence, go the dregs for both systems, namely combining
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the spin properties of Pr ions and optical properties of Ce ions, we are able to coherently
manipulate single nuclear spin of Pr ions and readout the quantum information by single
Ce ions (it is similar to [82]).

Here we propose a new scheme of coupling single Pr ions and Ce ions by means of the
fluorescence resonance energy transfer (FRET) since the Py —2 Hy optical transitions
of Pr:YAG is at 486.9 and 488.2 nm, and the ZPL of 5d —4f transition of Ce:YAG is
located at 489 nm. These close transitions might offer the opportunity of the FRET in
between these two species. Moreover preliminary results of FRET at a-few-ion level has
been demonstrated in both downconversion and upconversion approach [191-193].
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Figure 9.1: Energy transfer of Pr and Ce ions in YAG. (a) Energy is transferred through 3P
state of Pr ions to 5d(1) states of Ce ions. (b) Another scheme of the energy transfer, through
the 4 f5d states of Pr ions to 5d(2) states of Ce ions. (c) Upconversion energy transfer, where Pr
ions are excited by 609 nm and 532 nm laser and the emitted photon wavelength at 489 nm.

In the downconversion FRET approach, Pr ions are excited to the P state by a 487 nm
laser. The energy is either transferred from 3P state of Pr ions to the 5d(1) state of Ce
ions as shown in Fig. 9.1(a), or Pr ion is promoted further to 4f5d state by the excited
state absorption, and transfer its energy to the 5d(2) level of Ce ions (Fig. 9.1(b)) [194,
195]. Eventually, the dowconverted fluorescence emitted from Ce:YAG has been recorded.
Regarding the upconversion FRET approach, the Pr ion is first excited to long lived 'D,
state. It is promoted further to the 4 f5d level when it absorbs another photon. The energy
is transferred from the 4 f5d states of Pr to the 5d(1) state of Ce, resulting in the emission
in the upconversion region in comparison with the excitation laser wavelength (532 and
609 nm) (see Fig. 9.1(c)). The observation of Pr and Ce energy transfer offers a new
platform to construct the hybrid quantum system.

9.1.1 Energy transfer through 3P, state

In the experiment, 100 pm Ce:YAG nanoparticles (contain 50~100 Ce ions in each indi-
vidual nanoparticles) are spin-coated on the glass substrate. A tunable diode laser wave-
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length in the range of 485~490 nm is applied to excite the nanoparticles. In the detection
channel, a 538 nm longpass filter is inset to block the scattering from the excitation laser.
When a single Ce:YAG nanoparticle is localized under the home-built confocal microscopy
operating under ambient conditions, the excitation spectrum of a Ce:YAG nanoparticle
is obtained by sweeping the frequency of the diode laser as shown in Fig. 9.2(d). It
presents two peaks located at 486.9 and 488.2 nm, which is in agreement with the exci-
tation spectrum of Pr:YAG (see Fig. 9.2(e)). It indicates that Pr ions are excited in the
Ce:YAG nanoparticles. The emission spectrum of the Ce:YAG nanoparticle is obtained
when the laser is on and off resonance with the Pr:YAG 3H, —3 P, transitions as plotted
in Fig. 9.2(a) and (b). If we subtract two spectra as displayed in Fig. 9.2(c), an emission
spectrum of Ce:YAG can be obtained. This means in 100 ppm Ce, 0 ppm Pr ions doped
YAG nanoparticles, the excitation spectrum of Pr:YAG is observed with the emission of
Ce:YAG signals. From our previous knowledge that in yttrium powder, it always contains
many impurities such as Er, Pr and Ce ions. Sometimes Pr ions can be detected even
under pure YAG nanoparticles. It indicates that in this type of the synthesized YAG
nanoparticles, low concentration (1~5 ppm) Pr impurities is always contained. After we
correlate all the evidence, a brief conclusion can be deduced when a 488.2 nm wavelength
laser shines on the Ce:YAG nanoparticle, Pr ions as impurities in the Ce:YAG nanoparti-
cle have been excited. Pr ions transfer their energy to the nearby Ce ions. Eventually, Ce
ions decay back to the ground state with fluorescing photons. It results in the observation
of both excitation spectrum of Pr ions and emission spectrum of Ce ions.
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Figure 9.2: (a) The emission spectrum of Ce:YAG when it is excited at 488.2 nm. (b) Emission
spectrum of Ce:YAG when it is excited around 490 nm. (c) The subtraction of (a) and (b),
displays Ce emission spectrum. (d) The excitation spectrum of the Ce:YAG nanoparticle. The
diode laser frequency is swept from 485 nm to 491 nm. (e) The excitation spectrum of Pr:YAG.
(d) The second order correlation measurements of 100 ppm Ce:YAG nanoparticle, when it is
excited at 488.2 nm, showing a dip at zero delay time. It indicates that the detected fluorescence
is contributed by a few (2, or 3) single photon emitters at Ce:YAG nanoparticles
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Interestingly, when the second order correlation measurement of the Ce:YAG nanoparticle
is performed as presented in Fig. 9.2(f), a dip is clearly resolved at zero delay time. It
indicates the anti-bunching behavior of the excited Ce:YAG nanoparticle. The observed
g»(0) > 0.5, implies a few emitters (2 or 3 actually) contributing in the detected fluo-
rescence signals. Normally 100 ppm Ce:YAG nanoparticles contain in average 50~100 Ce
ions inside. The measured ¢® function suggest that 2 or 3 Pr ions in the nanoparticle
are excited by the 488.2 nm laser. They eventually transfer their energy to nearby Ce
ions and resulting in high efficiency Ce emissions. Previously Pr ions in YAG can not
be detected at single-ion level by the downconversion microscopy since the excitation-
emission-reexcitation cycling efficiency is too low. When Ce ions are brought nearby Pr
ions, Ce ions can play a role in readout ion by means of FRET process. At cryogenic
temperature, it might offer a new approach to coherent manipulate the nuclear spin of
single Pr ions. Instead of readout the nuclear spin of Pr:YAG by upconverted UV emission
painfully, a Ce ion is set as a readout ion to readout the nuclear spin of Pr ions by visible
photon emission with high fluorescence efficiency.

9.1.2 Energy transfer through 'D, state

Another approach we proposed here is to readout Pr ions through the upconverted FRET
process as shown in Fig. 9.1(c). The upconversion process of Pr ions in YAG can be ac-
complished not only by a 488 nm laser but by a combination of 532 nm and 609 nm lasers
through 3Hy —! Dy — 4f5d transitions. On the other hand, it is introduced in Chapter VI
that the ZPLs of Ce:YAG show ~500 GHz inhomogeneous broadening at cryogenic tem-
perature, while the homogeneous linewidth of a single Ce ion is close ~100 MHz. The
high resolution spectrometer can determine the number of fluorescing Ce ions by their
emission spectra, if the number of Ce ions is not many (see Chapter VI). In principle, the
upconversion FRET process can be observed by the combination of upconversion process
of Pr ions and well resolved ZPL of single Ce ions.

A special treatment of the sample is required for this proposal. Pr and Ce ions are co-
implanted in a un-doped YAG crystal through the same mask by means of FIB implan-
tation (a same method which is introduced in Chapter VIII). The dosage of Pr ions is
fixed to be 4.19x10'® ions/cm?. The dosage of Ce ions exists two opinions, either high
(3.35x10% ions/cm?) or low (8.37x10'? ions/cm?) dose. In the co-doped spot, two differ-
ent concentrations of Pr-Ce are introduced. Post-implantation annealing is carried out to
recover the lattice structure.

The experiment is performed at cryogenic temperature. The crystal is mounted at the
cold finger cryostat. Two lasers wavelength at 532 and 609 nm are combined to excite
Pr ions through *H,; —! Dy — 4£5d transition. The detection window is in the range of
485~500 nm spectrally. For the high Ce dose area, the emission spectra are obtained as
plotted in Fig. 9.3(a). Two strong peaks (486.9 and 488.2 nm) corresponding to *Py —2 Hy
transitions are observed. Meanwhile, a weak peak located at 489 nm is resolved, which
represents to the ZPL of Ce ions. When we take a close look at the ZPL position of
Ce:YAG (see Fig. 9.3(d)), the inhomogeneous broadening of ZPL is determined to show
~800 GHz FWHM linewidth. The linewidth of high dosage Ce ZPL is in agree with our
previous results. It indicates that a large number of Pr ions transfer their energy to many
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Figure 9.3: The emission spectrum of the Pr and Ce co-implanted spots acquired by a high
resolution spectrometer. The spots are excited by 532 and 609 nm lasers. (a) Ce ions are im-
planted in the dosage of 3.35x10%3 ions/cm?. (b) and (c) Ce are implanted in the dosage of
8.37x10'? ions/cm?. (d)-(f) Zoom in spectra of (a)-(c) respectively. The ZPL lines of Ce:YAG
is resolved which located at 489 nm.

Ce ions. It is impossible to resolve the ZPL from single Ce ions since the number of
fluorescing Ce ions is high.

The same measurements are performed in the low dose region. The emission spectra
taken by different spots are presented in Fig. 9.3 (b) and (c). They look similar to the
one obtained from Ce high dose area. However, if we zoom in the ZPL region (Fig. 9.3(e)
and (f)), we clearly notice that the ZPLs of Ce ions are different in comparison to the
ZPLs of ensemble Ce ions. Some sharp and discrete peaks appear in the inhomogeneous
domain of ZPL position. Two different spots display different ZPL spectra. It indicates
when numerously Pr ions are pumped by the excitation lasers, a few Pr ions transfer their
energy to nearby Ce ions, resulting in the fluorescing of Ce at a-few-ion level. It presents
the second evidence of FRET between Pr and Ce in close to single-ion level.

In general, the FRET of Pr and Ce in close to single-ion level has been observed in two
situations. It offers a possibility of taking advantage of the single Ce ions to readout
quantum information of nearby single rare earth qubits which is difficult to be detected
optically owing to their long optical lifetime. This is a novel approach to construct hybrid
quantum systems.

9.2 Evidence of single Ce ions in YSO crystal

In this dissertation, the solid state hosts where the single Pr and Ce ions are embedded
in, are either YAG or LuAG crystals. They present excellent optical properties, however,
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both types of the crystals contain numerous intrinsic nuclear spins, resulting in short
coherence time of the single rare-earth solid-state qubits. In comparison, Y2SiOj5 crystal
is a well known and studied crystal due to its low spin bath., The general physical and
optical properties of trivalent cerium doped YSO crystal is introduced in Chapter II.
If single rare earth ions can be detected and coherently manipulated in YSO crystal,
it will offer long lived qubits, which is suitable for more complex quantum operations.
The investigation of Ce doped YSO crystal has been carried on [123,196], however, the
attempts of detecting single Ce ions in YSO crystals is so far unsuccessful [123,124].
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Figure 9.4: (a) Emission spectrum of Ce:YSO located in site 1. (b) Emission spectrum of
Ce:YSO located in site 2. Figures are reproduced from [130].

We accidently figure out that one of the undoped YSO crystal presents the evidence that
Ce3* might be detected at single-ion level. The experiment conditions are following: A
Ti:Sapphire femtosecond pulsed laser is generated with wavelength around 730 nm. The
laser frequency has been doubled by an SHG crystal which is regarded as the excitation
light source. The optical elements present low transmission efficiency in UV range, result-
ing in only 260 nW laser power being left after the photonic crystal fiber. The crystal
is mounted on a home-built UV confocal microscopy operating under ambient condi-
tions, where a 400 nm long pass filter is served as the dichroic mirror. It indicates that
the fluorescence wavelength shorter than 400 nm is not detectable. Due to the poor UV
transmission, only a 0.85 N.A. air objective lens fulfills the task. To enhance the collec-
tion efficiency and spectral resolution, SILs are fabricated on the top of the undoped YSO
crystal by means of FIB milling. Since in the YSO crystal, Ce contains two different sites
emitting in different spectral range. Two different filter sites are introduced to distinguish
different sites of Ce:YSO in spectrally (400~425 nm and 475~625 nm).

The laser scanning images of undoped YSO under the SIL are displayed in Fig. 9.5. In the
spectral domain, optical filters are introduced in the range of 475~625 nm to detect the
emitted photons from site 2 Ce:YSO, as shown in Fig. 9.5(a) and (c), who are scanned in
different depth. Individual bright spots have been resolved, however, the impurities are
still high. It is arduous to perform the photon statistic measurements on the individual
bright spots due to the low signal-to-noise ratio. Figure 9.5(b) and (d) are acquired in the
same area and depth as Fig. 9.5(a) and (c), while, the detection window is in the range
of 400~425 nm which is desirable for site 1 Ce:YSO emission. Individual bright spots are
identified, while their positions are different in comparison with Fig. 9.5(a) and (c). It
indicates that in this undoped YSO crystal, two species of individual emitters have been
identified in both spectral and spatial domains, which might be the evidence of detecting
X1- and X2-sites single Ce ions in YSO.
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Figure 9.5: (a) Fluorescence scanning image of undoped YSO crystal under a SIL, detection
range 475~625 nm. Scalar bar represents 1 pym. (b) Fluorescence scanning image of undoped
YSO crystal same area as (a), spectral range 400~425 nm. (c¢) Fluorescence scanning image
of undoped YSO crystal under a SIL, another area compared to (a) and (b), detection range
475~625 nm. (d) Fluorescence scanning image of undoped YSO crystal same area as (c), spectral
range 400~425 nm.

The second order correlation function measurements of single impurities in undoped
YSO crystal have been acquired. After normalization, some single bright spots show the
g <0.5, indicating the spots are corresponding to the single photon emitters. How-
ever, owing to poor signal-to-noise ratio (around 1:1), the dip of the ¢(® function doesn’t
approach to zero.

To evaluate the single color centers in undoped YSO crystal, the emission spectrum is
obtained. The sample is excited by a 375 nm UV laser. The fluorescence of the color
centers wavelength longer than 400 nm is detected by the spectrometer. To characterize
the wavelength dependency of the transmission in the experiment setup, the emission
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Figure 9.6: The second order correlation function of single impurities in YSO crystal.
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Figure 9.7: (a) The emission spectrum of Ce:YSO bulk crystal. (b) The emission spectrum

of Ce3T implanted YSO crystal. (c)-(f) The emission spectrum of single bright spots in YSO
crystal, presenting different spectrum range. Noting owing to high impurities, emission spectrum
from the other spots might contribute the spectrum of a single bright spot

spectrum of a Ce:YSO bulk crystal is measured as shown in Fig. 9.7(a). It displays different
shape compared to the literature (see Fig. 9.4). The spectrum rises up from 400 nm, with
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a peak position at 423 nm. A long tail in the spectrum is presented after the peak.
The rising slope (400~425 nm) is mainly caused by the non-ideal optical elements in
the detection path, where mirrors and lenses are all chosen in the visible light range
indicating poor transmission efficiency if the photon wavelength close to 400 nm. The
long tail is contributed by the emission from X2-site of Ce in YSO crystal, whose peak
location is at 475 nm. It also suggests that in Ce:YSO bulk crystal, the concentration of
Ce in X1- is higher than X2-sites. The emission spectrum of Ce3* implanted YSO spot
has been measured and presented in Fig. 9.7(b). The emission spectrum of individual
color centers in undoped YSO crystal have been acquired as displayed in Fig. 9.7(c)-(f).
Two different types of emission spectrum can be clearly distinguished. Figure9.7(c), (d)
express peaks close to 425 nm. Figure9.7(c) and (d) shows a sharper cut-off edge after the
peak compared to the ensemble measurements. It indicates the background contributed
by X2-site of Ce:YSO is well excluded. The long tail in Fig. 9.7(b) is dedicated by X2-site
of Ce:YSO. Figure9.7(e) and (f) illustrate spectrum alike to Fig. 9.4(b) where peaks are
located around 475 nm. The evidence might imply that these are the fluorescence from
X2-site of Ce:YSO.
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Figure 9.8: Lifetime measurements with two detection windows 400~425 nm (black curves)

and 475~625 nm (red curves) ranges represents to two different sites. (a) Ce:YSO bulk crystal.
(b) Single bright spots in undoped YSO crystal.

To confirm this hypothesis, the lifetime of these two species of color centers in YSO crystal
has also been investigated. We first obtain the optical lifetime in Ce:YSO bulk crystal in
two different spectral range (Fig. 9.8(a)). The black curve is obtained in the spectral range
400~425 nm, where the fluorescence signal is mainly from the X1-site of Ce:YSO, showing
a 33 ns decay time. In the red curve, the detection window is 475~625 nm, where the
fluorescence signal is mainly from the X2-site of Ce:YSO. It presents a 47 ns lifetime from
the excited state. Same experiments have been performed in two species of color centers
in the undoped YSO crystal (see Fig. 9.8(b)). The black curve measured in the range
400~425 nm displays a lifetime of 35 ns, while the red one reveals a 48 ns lifetime, which
is correlated to the Ce:YSO ensemble results.

In conclusion, the experiment data of individual bright spots in undoped YSO crystal
expresses two different species of color centers. They show different performance in the
lifetime, spectral and spatial domains, which is in agreement with the X1- and X2- sites
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of Ce:YSO in the bulk crystal. It suggests the evidence of detecting Ce at single-ion level
in YSO crystal.

Unfortunately, neither these color centers nor Ce:YSO bulk crystal present the quantum
beats in the excited states alike Ce:YAG. Moreover, we also attempt to initialize the
ground spin state of single Ce ions in YSO by circularly polarized light at low temperature.
The birefringent effect of the YSO crystal obstructs the selection rules resulting in the
failure of the optical pumping. Nevertheless, if we equip a single mode laser wavelength at
371 nm, single Ce ions in YSO can be excited resonantly. It will offer a new opportunity
to initialize the ground spin state as demonstrated in Chapter VI. When the spin state
of Ce:YSO is initialized, the coherent properties of single Ce ions in YSO crystal can be
explored. Owing to the low spin bath, it will turn into a longer lived spin qubit. On top of
it, the hyperfine interaction of nearby of 2°Si will offer additional long lived nuclear spin
qubits, which can serve as quantum registers. The detection of single Ce ions in YSO may
establish a new stage for constructing hybrid quantum system, where the Ce electron spin
is used as a processing unit and long lived 2°Si nuclear spin is regarded as a storage unit.

9.3 CQED in single rare-earth ions in solids

The interaction between a two-level system and an external electromagnetic field will be
strongly enhanced if it is placed into a high-finesse resonant cavity. With sufficiently small
mode volume and large Q-factor of the cavity, it is possible to realize optical non-linearity
with a single ion and a single photon in the cavity [197]. The interaction between an ion and
electromagnetic filed has two important parameters: The critical ion number Ny = kvy/g*
and the saturation photon number Np = 7?/3¢?, in which « is the decay rate of the cavity,
~ represents the spontaneous decay rate of an ion, and ¢ indicates the coupling strength
between the cavity and an ion. N4 refers to the number of ions required to change the
resonance of the cavity. Np represents the number of photons needed to saturate an ion.
In the cavity if Np < 1 and N4 < 1, it is known as ’strong coupling regime’. It will show
strong non-linear effects, for example; only one photon and one ion will appear in the
cavity. It is predicted that so far the CQED effect in the strong coupling regime has the
highest efficiency of interfacing flying qubits (photons here) with stationary qubits (ions
in the cavity). It will also give an opportunity to couple two stationary qubits [198].

The CQED research with atoms has demonstrated pioneering results. For example; real-
ization of a one-atom laser in the cavity [199], deterministic generation of single photons
from single atom in a cavity [200]; an elementary quantum network of single atoms in
cavities [201], etc. Meanwhile, the CQED approach is transferred into solid-state hosts,
such as demonstration of CQED with quantum dots [15,34,35], enhancement of the zero-
phonon line of nitrogen-vacancy centers in diamond by a photonic crystal cavity [202],
and coupling ensemble rare-earth ions in a nanobeam resonator [63,203], etc. Apart from
demonstration of the coupling between ions and cavities [204], enormous progress has been
achieved in opto-mechanical resonators and on-chip photonic integrated circuits [205]. The
combination of an ability to detect and manipulate single rare-earth ions and fabricate
high-Q cavities, will give an opportunity to couple single rare-earth ions in a resonator
cavity in the ’strong coupling regime’ to demonstrate CQED with single rare-earth ions.
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Technically, attempts of directly fabricating optical cavities on host materials are not
successful. It is still challenging to produce low insertion loss thin films made by optical
glasses. To overcome this issue, several approaches have been arisen up to couple rare
earth ions in the optical cavities, for example, fabricating the nano-photonic devices on
the crystal by means of FIB milling, coupling rare earth nanoparticles to a fiber based
Fabry-Perot cavity. Here, we propose a new approach, which is coupling single rare earth
ions through a high quality external cavity by its evanescence tail.
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Figure 9.9: Methodology of fabricating optical resonators. (a) Engineer rare earth species
near the surface of the crystal by ion implantation. (b) An annealing is performed after ion
implantation. (c) Low optical losses TiOy thin film is spattered on the crystal. (d) Evaporate a
thin metal layer as the mask, and shape the mask by means of E-beam or optical lithography.
(e) Produce the metal mask. (f) Etch the TiO4 film by reactive ion etching so as to create the
optical cavity by TiOs film.

The methodology of fabricating optical resonators on the crystal is presented in Fig. 9.9.

(1) Nanoscale engineering rare earth ions near the surface of the crystal by means of
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ion implantation. To couple the rare earth ions to the cavities with evanescence tail, the
location of the rare earth ions are essential. If the rare earth ions are close to the cavities,
the coupling efficiency is high. The knowledge we acquired from Chapter VII indicates
that rare earth ions can be artificially fabricated near the surface of the sample with
high production yield. The current evidence shows that the spin and optical properties
of implanted single Ce ions is well preserved.

(2) Coating high optical quality thin film on the crystal. Here, TiOy thin film
(350~700 nm) is sputtered. It shows low insertion loss ~0.5 dB/cm with high reflective
index (~2.4) in the literature.

(3) The Producing of metal masks for the resonators. We evaporate a thin metal layer
(~50 nm Ni) on top of the TiO, films. The metal mask is manufactured by means of
E-beam or optical lithography.

(4) Fabricating resonators. The TiO, thin film is etched through the metal mask by re-
active ion etching. After removing the residue metal, the cavities are eventually fabricated.

(5) Test the performance of the cavities and attempt to couple single rare earth qubits to
the cavities.
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Figure 9.10: WGM cavity made by TiO film on glass substrate. (a) SEM image of a WGM cav-
ity. (b)The cavity shows resonance linewidth 2.6 GHz at 789.89 nm, indicating 146,000 Q factor.

So far, the recipe of processing whispering gallery mode (WGM) cavities made by TiO,
has been demonstrated on a glass substrate. The SEM image of a whispering gallery
mode (WGM) cavity is shown in Fig. 9.10(a). It contains an 8 pum radius WMG cavity
coupled to a 25 pm long fiber. A narrow linewidth (~500 kHz) single mode laser is
applied to sweep its frequency across the resonant line of the WGM cavity. It presents
resonance linewidth 2.6 GHz at 789.89 nm (see Fig. 9.10(b)), indicating the Q factor
of the cavity to be 146,000. We believe, if this recipe is adapt to the TiOy films on
YAG crystal, CQED based on single rare earth ions will be demonstrated. It will offer
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us a new platform to achieve the interfacing of single photon and single rare earth ion.
As an example, vacuum Rabi splitting of the optical transitions will appear when the
coupling is "strong”. Furthermore, as soon as the CQED is achieved, the lifetime of the
rare earth ion will be dramatically reduced due to the Purcell effect, which might offer us
a new platform for detecting and manipulating rare earth ions at single ion level. Most
importantly, with the accomplishment of CQED, cavities will act as quantum channels to
entangle individual quantum nodes (single rare earth solid-state qubits here). This will
be a novel and essential approach to construct scalable quantum network based on single
rare earth solid-state qubits (Fig. 9.11).

Figure 9.11: Constructing scalable quantum network based on single rare earth solid-state
qubits. Individual rare earth solid-state qubits are coupled through the cavities. Each of the
WGM cavities is coupled to a common cavity bus. Bright spots represent the entangled single
rare earth ions. Electrodes are introduced to tune the resonance frequency of the WGM cavities
on and off resonance with the common cavity bus.



Appendix A

Appendix

A.1 The optical microscopy under ambient condi-
tions

Spectroscopy of single rare earth ions in solids normally yields low fluorescence intensity.
High collection efficiency is required to detect their weak emission photons. On the other
hand, due to their small cross sections, the high laser intensity is desired to properly
excit the single ions. Because of high impurities in the crystal, high spatial resolution and
signal-to-noise ratio are another two essential requirements to optically detect single rare
earth elements in solids. Laser scanning confocal microscopy focuses the laser beam to the
diffraction limitation, which produces high laser intensity on the sample. It also provides
high collection efficiency, spatial resolution and signal-to-noise ratio, which fulfills all the
requirements above.

Figure A.1 is the schematic representation of the home-built laser scanning confocal mi-
croscopy used to detect single Ce?* ions in YAG crystal under ambient conditions. In the
setup, a 475 nm long pass filter is served as the dichroic mirror. A high numerical aperture
oil immersion objective lens (Zeiss, 1.3 N. A.) is used to achieve spatial resolution close
to 200 nm in z,y dimension and 1 pym in z dimension. Combination of 475 long-pass filter
and 625 short-pass filter are applied to spectrally exclude the signal from the excitation
laser and the other fluorescing background, for example, emission from Cr:YAG. Two
single-photon avalanche photodiode(APD) are settled as Hanbury-Brown Twiss interfer-
ometry, to detect the fluorescence signal from single Ce®* ions. Meanwhile, APD generates
an electrical pulse when it detects a photon. These electrical pulses are connected to a
time-correlated single photon counting(TCSPC). By measuring the time-correlation be-
tween two APDs the number of single emitters in the optical detection volume can be
determined (when the number of single emitters is less than three).

The laser system is shown in Fig. A.1: A femtosecond pulsed Ti:Sapphire laser wavelength
at 920 nm is pumped by a 9 W CW laser at 532 nm. The fundamental repetition rate of the
pulsed laser is 77 MHz, while it can be changed by a pulse picker. The optical frequency
of the pulsed laser is doubled by a second-harmonic generation(SHG) crystal from 920 nm
to 460 nm to excite the single Ce ions. To achieve the spin-flip transitions of Ce:YAG,
circularly polarized excitation photons are required, a combination of a linear polarizer
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Figure A.1: Experiment setup under ambient conditions. CW: continuous wave, A/4: quarter
waveplate, APD: avalanche photodiode, TCSPC: time-correlated single photon counting

and a quarter waveplate is introduced to polarize the excitation photons circularly.

A home-made magnet coil is settled near the sample. It can produce either 500 G B field
along the laser propagation direction or 250 G B field perpendicular to the laser direction.
With these two different directions of the B field, two different selection rules are achieved
as described in Chapter III.

A.2 Low temperature experiments setup

A.2.1 Konti-cryostat

The low temperature experiments have been performed in the Konti-cryostat, which its
draft is shown in Fig. A.2. The Konti-cryostat is a continuous helium flow cryostat which
the helium is supplied from one external helium tank. It offers a broad manipulating
temperature range. The lowest temperature it achieves on the heat exchange is 2.7 K.
In the experiment, the samples were mounted on the cold finger, while the cold finger
is fixed among the heat exchanger. The temperature of the sample is ~3.5 K. A 3D
motor stage is applied to move the sample and approach the sample to the focus of the
objective lens
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To achieve the highest collection efficiency of the optical microscopy, a high N.A. (0.95 N.
A.) air objective lens with short working distance (~300 pm) is mounted in the Konti-
cryostat with high vacuum. Once the sample is cooled down, the temperature of the
objective lens is still close to room temperature indicating less deforming of the objective
lens due to the temperature changing. To acquire the laser scanning fluorescence image
of the sample, the objective lens is mounted on a 3D piezo driven stage. In addition, the

Konti-cryostat has one optical access with a UV anti-reflected coating window.
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Figure A.2: The draft of the Knoti-cryostat.

A.2.2 Low temperature experiment setup for Ce:YAG

Laser system

Three different low temperature experiments of single Ce ions in YAG have been
described in this dissertation corresponding to three different laser systems:

I. Measurements of coherent properties of single Ce3* electron spin qubit. Single Ce ions
are optically excited, initialized, and readout through phonon sideband transition. A
pulsed laser wavelength at 460 nm is applied to excite single Ce ions and suppress the
charge dynamics. A same laser system as room temperature experiment setup is applied
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to achieve this purpose (see Fig. A.1).

I1. Observation of excitation spectra of native and nanoscale engineered single Ce®* ions.
Single Ce ions are resonantly excited through the optical transition between the lowest
ground and excited states. In the experiment, a diode laser with external cavity (Toptica
DL Pro diode laser) the wavelength of 489.15 nm is applied. The laser linewidth is ~ 500-
1,000 kHz. Laser frequency can be accurately swept by changing by the driving piezo of
the external optical grating. The scanning range of the diode laser is ~6 GHz, which covers
four resonant transitions of Ce ions. Additionally, the femtosecond laser is also applied
(430 nm wavelength, the repetition rate is 2.5 kHz) to keep the Ce ion photostable under
CW laser excitation.
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Figure A.3: Laser system for all-optical preparation of coherent dark states of a single Ce ion.
AOM: acousto-optic modulator; PBS: polarizing beamsplitter cube; \/4: quarter waveplate.

ITI. All-optical preparation of coherent dark states of a single Ce®*™ ion. To prepare the
coherent dark states, the single mode laser described in II is split into two optical paths by
using a 50/50 beam splitter (see Fig. A.3). One laser goes through an acousto-optic mod-
ulator (AOM). The first order diffraction laser beam has a -380 MHz detuned frequency
serving as the pump laser. Another laser beam is pushed through a double-pass AOM to
have a 600-780 MHz frequency sweeping range acting as the probe laser. Subsequently,
these two laser beams are coupled by a polarizing beamsplitter cube. The frequency differ-
ence of two laser beams is in the range of 980-1,250 MHz. A pulsed laser described above
is still applied (430 nm wavelength, and the repetition rate is 2.5 kHz), to suppress the
charge state dynamics of single Ce ions. At the end, the pulsed laser, the pump and the
probe laser are combined together by a dichroic mirror and propagated to the confocal
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mMicroscopy.

Low temperature confocal microscopy

The confocal microscope operating at cryogenic temperature (see Fig. A.4) is similar with
the one working under ambient conditions. To mount the sample on the cold finger, nickel
and copper are deposited on the back side of YAG. Indium is introduced to connect
the sample and the cold finger sample holder to provide high thermal conductivity. In
the experiment, the cold finger is cooled down to ~2.7 K and the temperature of the
YAG sample is below 3.5 K. In the cryogenic temperature environment, the oil immersion
objective lens can not be applied since the immersion oil would be frozen. A high N. A.
air objective lens (0.95 N. A.) is used to excite a single Ce ion and collect its fluorescence.
In the detection part, the fluorescence of a single Ce is obtained either by a spectrometer
or by the single photon detector.

YAG crystal with
the SILs
Pinhole Filter . Flip mirror
Dichroie <N
NN
Ol 1S g
Ve = P APD
100x0.95 U | U H 1
\\>
Sample on Cold
Elliest Spectrometer
¥
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Figure A.4: Laser system for all-optical preparation of coherent dark states of a single Ce ion.
AOM: acousto-optic modulator; PBS: polarizing beamsplitter cube; A/4: quarter waveplate.

External magnetic field

In the low temperature experiment, an external magnetic field is settled to produce certain
selection rules for the optical transitions of Ce ions. However, unlike the room temperature
optical setup, the space of the Konti-cryostat experiment setup is limited. Only Two
different magnetic field can be generated by using permanent magnets. In Fig. A.5 (a),
(b), one permanent magnet is mounted on the objective lens to generate ~500 G magnetic
field, which is parallel to the k (laser beam direction). Under this magnetic field, only spin-
flip transitions are allowed. In Fig. A.5(c),(d), two permanent magnets are mounted on
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the objective lens, providing ~500 G magnetic field perpendicular to the k. Tt removes
the degeneracy of present Kramer’s doublets and provides both spin flip and non-flip
transitions to form A systems of Ce:YAG.

Figure A.5: (a)(b), external magnetic field ~500 G parallel to the k. (c) (d), external magnetic
field ~500 G perpendicular to the k

A.2.3 Low temperature experiment setup for Pr:YAG

Single Pr ions in YAG is excited, manipulated and detected under a upconverting mi-
coroscpe, which the scheme is shown in Fig. A.6. The upconversion microscopy technique
has two major advantages compared to confocal microscope. First, the upconverting mi-
croscope is a background-free microscopy. The background is generated by downconverted
fluorescence of chemical contaminants, optical devices, and scattered laser light. They all
have the same or longer wavelength than the excitation laser. In contrast, upconverted flu-
orescence emitted by single Pr ions has a shorter wavelength than the excitation photons.
Owing to the different spectral range of the emission signal and background, a short pass
filter can be used to block fluorescent background and transmit the upconverted emission
photons simultaneously. Therefore, the negligible background contribution results in high
signal-to-noise ratio. Second, in a confocal microscope, a small pinhole is needed to reject
fluorescence originating from the planes above and below the focus plane to increase the
special resolution in z-plane. In comparison, the upconversion process as one of the non-
linear excitation mechanism indicates highly localized excitation volume. Only the ions
within this volume are excited and contribute to the fluorescence signal, while ions outside
this volume keep dark. The use of a pinhole is obsolete, which increases the transmission
efficiency by omitting the pinhole.

A.3 Solid immersion lenses

In low temperature experiments, the absence of a high N.A. oil immersion objective lens
causes the dramatically reducing of collection efficiency, spatial resolution and signal-
to-noise ratio of detecting a single rare earth ion. Single rare earth ions can be barely
resolved by using only an air objective lens, which blocks the further manipulation of single
rare earth qubits. Several methods are raised up to overcome this issue, such as taking
advantage of near-field microscopy, nano-photonic devices, surface plasma enhancement
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Figure A.6: The upconverting microscope operating at low temperature

and solid immersion lenses (SILs). SILs have been used in optical microscopy in the last
two decades to improve its special resolution and the collection efficiency. The collection
efficiency is enhanced by avoiding interface refraction from a SIL, and therefore, the
effective N.A. of the optical microscope is increased.

Figure A.7: (a).(b) The SEM image of a solid immersion lens on YAG crystal. (c) laser scanning
microscopy image of single Ce ions in YAG under a SIL.

In the experiments, SILs are fabricated directly on the surface of the YAG crystals by
means of FIB milling. Figure A.7 (b) shows the SEM image of the sample where a shape
of hemispherical SIL with the diameter of 10 pm is located directly on the surface of a
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YAG crystal. A laser scanning microscopy image of single Ce ions under the SIL with a
scanning depth ~ 7 pm is present in Fig. A.7(c). In the image, single isolated bright spots
correspond to single Ce ions. With the help of the SILs, single rare earth ions can be well
detected with high spatial resolution with strong photon flux.

A.4 Microwave waveguide

In the experiments, external magnetic field introduces the ground state splitting of single
Ce ions from 600 MHz till 1.7 GHz. Microwave (MW) radiation is applied to coherently
manipulate the single electron spin (see Fig. A.8 (a)). To coherently manipulate single
electron with MW radiation, a high power MW amplifier (50 dB amplification) is applied
to a MW synthesizer (Rothde & Schwarz SMT 03). A MW switch (Mini-Circuits) is
utilized to chopper the MW to generate m and /2 pulses.

Figure A.8: (a) The cold finger sample holder with a YAG sample mounted on it. (b) Copper
waveguide (orange color) is positioned next to the SILs. (¢) A magnified microscope image of
the SILs and the MW waveguide.

In Fig. A.8(b), a fabricated single copper MW waveguide is positioned next to the SILs to
have high MW radiation power in the sample. A magnified microscope image is present
in Fig. A.8 (c), where 10 SILs are on the sample and a MW waveguide (orange color) is
precisely positioned next to the SILs by means of photolithography. The MW waveguide
has ~ 20 pym width with ~10 pgm thickness and ~1.5 mm length.

MW waveguide is fabricated next to the sample to gain high MW power. A recipe (see
Fig. A.9 (a)-(g)) is developed to precisely place the MW waveguide to the desired position.

(a) Clean the surface of YAG bulk crystal. The crystal is cleaned with acetone and
isopropanol solution. Afterward a plasma clean is introduced to remove the residual
organic solvent and terminate the surface by O,.
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(b) Deposit copper layer. On the surface of the crystal, 50 nm copper laser is deposited
by e-gun evaporation.

(c) Spin-coat photoresist. Positive photoresist (AZ 9240) is spin coated on the sample
with 3 min soft baking at 110 °C afterward.

(d) Localize the positions of the SILs. The home-built laser writing system is combined
with a laser scanning microscope. The image of the surface is acquired by scanning the
sample with a 706 nm diode laser. A special mask is designed when the positions of the
SILs are localized. A 405 nm diode laser is used to expose the photoresist along the mask.

(e) Develop the photoresist. After the exposure, the developer is helped to remove
the exposed photoresist. The sample is immersed in a copper sulfate solution to have
electrical plating with copper. After 10 min, additional 20 um thickness copper layer is
grown in the exposed area on the YAG crystal.

(f) Remove the residual photoresist. Acetone is introduced to remove the residual
photoresist.

(g) Eliminate the thin copper layer. Iron chloride solution is used to eliminate the thin
copper layer deposited in (b).

At the end, a desired copper MW waveguide is precisely positioned on the surface of
the crystal. Two copper arms are mounted on both ends of the waveguide to induce
MW from the MW wire to the MW waveguide. The MW loss is only 6 dB even without
impedance/matching to the outer MW source.
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Figure A.9: The procedure of producing the MW waveguide. (a) Clean the sample. (b) Deposit
50 nm copper layer. (c) Spin coat photoresist. (d) Localize the position of the SILs and laser
writing. (e) Develop photoresist and copper electrical plating. (f) Remove the photoresist. (g)
Eliminate the deposited copper layer.
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