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SUMMARY

A future quantum network will allow distributing entanglement over arbitrarily long dis-
tances. This topic holds importance for applications in quantum information science
as well as for fundamental investigations, and currently receives significant attention
around the world. The most promising approach for achieving long-distance quantum
communication over terrestrial links is to use quantum repeaters, many of which employ
optical quantum memories to store quantum information.

The realization of an optical quantum memory is a challenging task. Not only do
we want to realize a proof-of-principle of quantum storage, but we would also like to
realize a quantum memory whose performances allow us to use it in a quantum repeater
for long-distance quantum communication. In this thesis, I will present the different
aspects I worked on toward such a goal.

In our group, we focus on rare-earth-ion-doped crystals which are very promising
platforms, suitable for quantum memory applications. Depending on the task, some of
the rare-earth elements are more promising than others, because of their unique spec-
troscopic properties. In my Ph.D., I investigated a thulium-doped yttrium gallium garnet
(Tm:YGG) crystal.

The thesis starts by shedding light on the broad framework of long-distance quan-
tum communication, and the role of quantum repeaters in achieving this goal. Then we
highlight the scope of this thesis, an optical quantum memory, an essential component
in the whole quantum repeater scheme. After a short introduction in chapter 1, chapter 2
elaborates on the frequency-multiplexed quantum repeater architecture and important
features of rare-earth-doped materials in the context of quantum memory. We discuss
the various criteria that are needed for a quantum memory to be useful in practical quan-
tum communication purposes, namely long storage time, high multimode capacity, and
high storage efficiency. We introduce several useful and widely-employed spectroscopic
tools and techniques necessary to understand spectroscopic investigations and storage
demonstrations.

Spectroscopy of rare earth-doped materials is an active field, with the goal of find-
ing the ideal system with the best properties for quantum memory. Towards this end,
in chapter 3, spectroscopic investigation and coherence measurements are performed
on Tm:YGG at cryogenic temperatures (∼500 mK). We implement the atomic frequency
comb (AFC) protocol to demonstrate multiplexed storage of classical laser pulses in the
temporal and spectral domains with the goal of using the Tm:YGG crystal for quantum
storage.

By applying our newfound knowledge, in chapter 4, we model the population dy-
namics in Tm:YGG using frequency-dependent rate equations to explain the relaxation
dynamics and to improve the spectral tailoring process for memory preparations. In ad-
dition to adiabatic pulse shaping for coherent population excitation, we detail the exper-
imental limitations of the memory initialization process and also the system limitations

xi
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in the context of spectral diffusion over short, medium, and long-time scales.
Long optical storage times are required to achieve high entanglement distribution

rates in quantum repeaters. In chapter 5, we show that Tm: YGG’s optical coherence
time can reach 1.1 ms, which is one of the longest optical coherence times reported for
any rare-earth crystal. We demonstrate storage of laser pulses up to 100 µs record stor-
age time. We confirm the possibility of frequency-multiplexed storage and feed-forward-
based spectral mode mapping. We also show that quantum correlations between mem-
bers of photon pairs persist throughout storage, i.e. that our memory can indeed operate
in the quantum regime.

The limits of these experiments indicate new routes for improvement in memory
parameters that are pursued in chapter 6. In order to improve memory efficiency, the
idea of a monolithic impedance-matched cavity quantum memory is conceived. We
show that absorption profiles of the created spectral features in the Tm:YGG crystal can
be modified when embedded into a cavity and we simulate the impedance-matching
criteria for our system. We discuss the measurements and our effort toward building an
efficient alignment-free cavity quantum memory in Tm:YGG crystal.

Finally, in chapter 7, we conclude the thesis with an outlook and future improve-
ments or potential projects that will help to design the next generation of optical quan-
tum memories. We believe that the results of this thesis establish a promising photonic
quantum memory platform for quantum communication and show the potential of rare-
earth ion-doped materials, in particular thulium-doped yttrium gallium garnet for de-
veloping optical quantum memories.



SAMENVATTING

Een toekomstig kwantumnetwerk zal het mogelijk maken om verstrengeling te genere-
ren over willekeurig lange afstanden. Dit is van belang voor toepassingen in de kwan-
tuminformatiewetenschap en voor fundamenteel onderzoek, en krijgt momenteel we-
reldwijd veel aandacht. De meest veelbelovende manier om kwantumcommunicatie
over lange aardse afstanden te bereiken is door gebruik te maken van kwantumrepea-
ters. Veel van deze apparaten gebruiken optische kwantumgeheugens om kwantumin-
formatie op te slaan.

Het realiseren van een optisch kwantumgeheugen is een uitdagende taak. We wil-
len niet alleen een proof-of-principle kwantumopslag realiseren, maar we willen ook
een kwantumgeheugen realiseren waarvan de prestaties ons in staat stellen het te ge-
bruiken in een kwantumrepeater voor kwantumcommunicatie over lange afstand. In dit
proefschrift zal ik de verschillende aspecten presenteren waaraan ik heb gewerkt om een
dergelijk doel te bereiken.

In onze groep richten we ons op kristallen gedoteerd met ionen van zeldzame aard-
metalen. Dit zijn veelbelovende platformen die geschikt zijn voor kwantumgeheugen-
toepassingen. Afhankelijk van de taak zijn sommige ionen van zeldzame aardmetalen
veelbelovender dan andere. Dit komt door hun unieke spectroscopische eigenschappen.
In mijn doctoraat heb ik een met thulium gedoteerd yttrium gallium granaat (Tm:YGG)
kristal onderzocht.

Het proefschrift begint met licht te werpen op het brede raamwerk van lange-afstand
kwantumcommunicatie, en de rol van kwantumrepeaters bij het bereiken van dit doel.
Vervolgens belichten we het kernonderwerp van dit proefschrift, een optisch kwantum-
geheugen, een essentieel onderdeel van het hele kwantumrepeater schema. Na een
korte introductie in hoofdstuk 1, gaat hoofdstuk 2 dieper in op de frequentiegemulti-
plexte kwantumrepeaterarchitectuur en belangrijke kenmerken van materialen die ge-
doteerd zijn met ionen van zeldzameaardmetalen in de context van kwantumgeheugen.
We bespreken de verschillende criteria die nodig zijn om een kwantumgeheugen bruik-
baar te maken voor praktische kwantumcommunicatiedoeleinden, namelijk lange op-
slagtijd, hoge multimode-capaciteit en hoge opslagefficiëntie. We introduceren verschil-
lende nuttige en veelgebruikte spectroscopische hulpmiddelen en technieken die nodig
zijn om spectroscopische onderzoeken en opslagdemonstraties te begrijpen.

Spectroscopie van kristallen gedoteerd met zeldzame aardmetalen is een actief veld,
met als doel het vinden van het ideale systeem met de beste eigenschappen voor een
kwantumgeheugen. Hiertoe worden in hoofdstuk 3 spectroscopisch onderzoek en co-
herentiemetingen uitgevoerd op Tm:YGG bij cryogene temperatuurs (500 mK). We im-
plementeren het atomaire frequentiekam (AFK)-protocol om multiplexopslag van klas-
sieke laserpulsen in de temporele en spectrale domeinen aan te tonen met als doel het
gebruik van het Tm:YGG-kristal voor kwantumopslag.

xiii
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Door onze nieuw gegenereerde kennis toe te passen, modelleren we in hoofdstuk
4 de populatiedynamiek in Tm:YGG met behulp van frequentieafhankelijke snelheids-
vergelijkingen om de relaxatiedynamiek te verklaren en om het spectrale aanpassings-
proces voor geheugenvoorbereidingen te verbeteren. Naast adiabatische pulsvorming
voor coherente populatie-excitatie, beschrijven we de experimentele beperkingen van
het geheugeninitialisatieproces en ook de systeembeperkingen in de context van spec-
trale diffusie over korte, middellange en lange tijdschalen.

Lange optische opslagtijden zijn vereist om hoge verstrengelingsdistributiesnelhe-
den in kwantumrepeaters te bereiken. In hoofdstuk 5 laten we zien dat de optische co-
herentietijd van Tm:YGG 1.1 ms kan bereiken, wat een van de langste optische coheren-
tietijden is die is gerapporteerd voor enig kristal gedoteerd met een zeldzaam aardme-
taal. We demonstreren opslag van laserpulsen tot 100 µs, wat een record is in termen
van opslagtijd. We bevestigen de mogelijkheid van frequentiegemultiplexte opslag en
feed-forward-gebaseerde spectrale modustoewijzing. We laten ook zien dat kwantum-
correlaties tussen leden van fotonparen blijven bestaan tijdens de opslag, d.w.z. dat ons
geheugen inderdaad kan werken in het kwantumregime.

De limieten van deze experimenten geven nieuwe routes aan voor verbetering van
geheugenparameters die in hoofdstuk 6 worden nagestreefd. Om de geheugenefficiëntie
te verbeteren, is het idee van een monolithische impedantie-gematchte trilholteholte-
quantumgeheugen bedacht. We laten zien dat absorptieprofielen van de gecreëerde
spectrale kenmerken in het Tm:YGG-kristal kunnen worden gewijzigd wanneer ze in een
trilholte worden ingebed en we simuleren de impedantie-aanpassingscriteria voor ons
systeem. We bespreken de metingen en onze inspanningen om een efficiënte trilholte-
kwantumgeheugen zonder uitlijning te bouwen in een Tm:YGG-kristal.

Tot slot, in hoofdstuk 7, sluiten we het proefschrift af met een vooruitblik en toekom-
stige verbeteringen of potentiële projecten die zullen helpen bij het ontwerpen van de
volgende generatie optische kwantumgeheugens. We zijn van mening dat de resultaten
van dit proefschrift een veelbelovend fotonisch kwantumgeheugenplatform voor kwan-
tumcommunicatie vormen en het potentieel aantonen van met zeldzame aarde gedo-
teerde materialen, in het bijzonder met thulium gedoteerd yttrium gallium garnaat voor
het ontwikkelen van optische kwantumgeheugens.



1
INTRODUCTION

No dream is ever chased alone.

Rahul Dravid

In the 20th century, often coined as the age of information, we have witnessed some funda-
mentally and radically new means of communication. Quantum communications gain
increasing attention because it can enable secure communication and also provide tech-
nology to connect individual quantum computers to enhance their information process-
ing power. The rapid development of various quantum technologies over the past decades
suggests that we will soon find ourselves at yet another decisive point in history. Here,
we briefly discuss some of the general goals and frameworks that underpin long-distance
quantum communication, focusing in particular on quantum repeater-based large-scale
quantum networks. With their ability to transfer and process quantum information, such
networks could enable a range of fundamentally new applications. Thus, quantum net-
works could be at the heart of a new age of quantum information.

1
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2 1. INTRODUCTION

Q UANTUM information science is a fast-growing field of research that studies situa-
tions in which information is encoded as quantum states [1]. The goal of this re-

search area is to perform information processing tasks better than any possible classi-
cal counterpart within the exclusive framework of classical physics [2]. Advanced ap-
plications like quantum computing, quantum sensing and quantum communication,
have the potential to revolutionize the way information is processed and communicated.
Though it is difficult to foresee all applications of a future optically-connected quantum
communication network, such a future quantum internet [3, 4] will enable us to estab-
lish completely secure communication [5] and blind quantum computing [6], atomic
clock synchronization [7, 8], etc.

The basic unit of classical information processing is a bit, i.e. binary values of 0 or 1.
Similarly, the basic unit of quantum information processing is the quantum bit or qubit,
which is described by a superposition: α |0〉+β |1〉, where |0〉 and |1〉 represent orthogo-
nal basis states of a quantum system, and |α|2 +|β|2 = 1. For example, two distinct times
of arrival (temporal modes) of a photon could define the orthogonal basis states, e.g. an
‘early’ or ‘late’ arrival time would correspond to the basis states |0〉 or |1〉. This forms the
so-called time-bin qubit [9].

Quantum communication is a branch of quantum information science and technol-
ogy that facilitates the transmission of information in the form of qubits. Since the secu-
rity of current cryptosystems is based on the inability of classical computers to efficiently
factor large numbers [10, 11], the invention of quantum computers might endanger the
secrecy of sensitive information transferred over the Internet. Quantum communica-
tion in parallel with classical communication offers a solution to overcome this security
threat as it exploits the laws of quantum physics to protect the information channels
against eavesdropping [5, 12].

1.1. QUANTUM REPEATERS FOR LONG-DISTANCE QUANTUM COM-
MUNICATION

The most common way of transmitting quantum information is to encode it into a pho-
ton and send it through an optical fiber. Despite a lot of progress, quantum communi-
cation still faces a distance barrier. The maximum distance and rate at which photons,
and thus quantum information, can be distributed are ultimately limited by the optical
attenuation introduced by the distribution link. For free-space links, the loss is mainly
due to absorption. On the other hand, in optical fiber links, the loss is due to absorption
and scattering loss inside the fiber. For these reasons, the signal decreases exponentially
as the distance increases (0.2-0.3 dB/km using standard telecommunication fibers and
photons at a telecommunication wavelength of 1550 nm).

In classical communication, where photons are also used to transmit information,
signal amplifiers are used at intermediate distances (at repeater stations) to enhance
the signal quality in order to overcome this exponential loss. However, there is no way
of boosting a quantum state to extend the communication distance, as the “no-cloning
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theorem" of quantum physics forbids the copying of an arbitrary quantum state. To over-
come this problem and to extend the communication distance quantum repeaters are
needed.

Figure 1.1: Schematic of the quantum repeater: Elementary links consist of two nodes. Bell-state measure-
ments (BSM) between elementary links are performed for heralded entanglement distribution, represented by
a bidirectional arrow.

Figure 1.1 shows the principle of how quantum repeaters are used to extend the com-
munication distance to counteract the transmission loss. Each node in a quantum re-
peater (represented by the blue squares) contains an entangled photon pair source (the
entangled photon pairs) and a multi-mode quantum memory. The main idea of a quan-
tum repeater is to divide the entire communication link L into an array of shorter ele-
mentary links of distance L0. Photons that are entangled with the quantum memories
are transmitted over each elementary link. First, a Bell-state measurement is performed
at the center of each link to establish entanglement between two quantum memories.
Second, two neighboring links perform a local Bell-state measurement in order to gen-
erate entanglement over the distance of two elementary links. This process, which is
known as entanglement swapping, continues (is concatenated) until entanglement is es-
tablished across the entire communication link (two distance end-nodes). There are two
well-known approaches for building a quantum repeater. In one of them, known as the
Duan-Lukin-Cirac-Zoller (DLCZ) protocol [13], the processes of the generation and stor-
age of entanglement are combined into the same system. In the other approach, which
is the motivation for our quantum memory development, these processes are carried
out by independent systems based on entangled photon pairs sources (Bell-pair or EPR
sources) and absorptive quantum memories to store entangled photons [14, 15].

A conceptual schematic of such a quantum repeater architecture is depicted in Fig-
ure 1.2, where two elementary links connected via a local BSM (Bell-state measurement)
are shown. Each elementary link is composed of two entangled photon pair sources
(Bell-pair/EPR pair); two quantum memories (QM), and in between a Bell-state mea-
surement (BSM). In an elementary link, one photon from each photon pair is sent to-
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Elementary link

Bell-pair

QM

Bell-pair

QM

Bell-pair

QM

Bell-pair

QM

Local BSM

Elementary link

Remote BSMRemote BSM

Figure 1.2: Schematic of the quantum repeater with its main components: A quantum repeater based on
absorptive quantum memories (QM) and entangled photon-pair sources (Bell-pairs). BSM indicates the Bell-
state measurement which is necessary in order to establish entanglement over the entire communication
channel.

wards the remote Bell-state measurement (BSM) via a quantum channel (an optical
fiber/free space) while the other one is stored in a quantum memory. Photons from the
two nodes meet halfway between the nodes and a Bell-state measurement (BSM), which
consists of a beam splitter and two single-photon detectors is performed. A successful
BSM heralds the establishment of entanglement between the two quantum memories.
The pairwise entanglement between the photons and the respective quantum memo-
ries in the elementary link is swapped to the entanglement between the two quantum
memories at the ends of an elementary link by means of a BSM (Bell-state measure-
ment). Thus, the entanglement is extended over the entire elementary link. Therefore,
the main role of quantum memory is to store and preserve entangled photons and hold
them until the entanglement is also created across the adjacent link. The minimum life-
time of the quantum memory has to be the time it takes for the photons to travel halfway
toward the remote BSM station and for the heralding signal about the successful entan-
glement operation to travel back. The whole procedure must be concatenated over mul-
tiple elementary links in order to extend the entanglement further. However, this is not
as straightforward in practice. Due to the probabilistic nature of the BSM or the source,
normally one needs to repeat the process many times before the entanglement between
two nodes is successfully established. This requires an even longer storage time for the
quantum memory, especially for a long chain of elementary links in a quantum network
containing many quantum repeater nodes.

1.2. LONG-LIVED QUANTUM MEMORIES FOR QUANTUM REPEATERS
In this thesis, I will particularly focus on one of the building blocks of the quantum re-
peater namely the quantum memory. A quantum memory is a device that can take in
quantum information (or quantum state), store (and preserve) it, and emit it after a cer-
tain time [16, 17]. Quantum information or quantum states generally refers physical
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information contained in the state of a quantum system. In our case a quantum bit (or
qubit). The qubit a two-level quantum system that is described by: α |0〉+e iθβ |1〉, where
|0〉 and |1〉 represent two orthogonal states, θ is the phase, and |α|2 +|β|2 = 1. In order to
maintain the “quantumness", the quantum state should remain “pure" against the ex-
ternal (or “environmental") perturbation, known as decoherence. Decoherence induces
bit flips or phase flips which transform the pure quantum state into a non-pure “mixed"
state. The purity of a quantum state is necessary to perform quantum computing on
quantum information encoded in it. The longer the purity of a quantum state will re-
main, the more useful it will be. Therefore, the need of having a long-lived quantum
memory is perceived.

Quantum memories can be used to store intermediate results of a quantum compu-
tation where they can improve gate operation time. It is one of the most important ele-
ments of quantum computing based on the linear optics scheme [18]. Quantum mem-
ories are also an important constituent in quantum repeaters [13, 19] for long-distance
quantum communication where they are used for signal synchronization. Other appli-
cations of quantum memories include storing quantum information for optical quan-
tum processing [20], and the implementation of a deterministic single-photon source
[21] to name a few.

As discussed in the previous section, quantum memories play a vital role in long-
distance quantum communication in order to distribute quantum information in cer-
tain quantum repeater protocols [14, 22, 23]. Highly multimode, efficient, and long-lived
quantum memories are necessary to construct a multiplexed quantum repeater that al-
lows achieving useful communication rates. Memories that can store many photons si-
multaneously in different degrees of freedom (temporal, spectral, and spatial), increase
the entanglement distribution rate of repeater-based quantum communication chan-
nels [15, 24]. In particular, it is possible to employ spectrally-multiplexed states together
with memories with fixed storage time, supplemented with feed-forward selection, shift-
ing, and filtering of spectral modes [24, 25] to achieve this goal.

1.3. ENSEMBLE-BASED OPTICAL QUANTUM MEMORIES
Arguably the simplest way to create a quantum memory is to use optical fibers which
serve as simple delay lines. This approach is often used for photon synchronization pur-
poses [26]. The storage time of an optical delay line is limited by the propagation loss
in the fiber for a specific wavelength of the photon, and it is determined by the length
of the fiber, which sometimes can be a practical limitation. Alternatively, light can also
be injected into a cavity with a high-quality factor and later can be recalled through an
electro-optical switch [27]. One can also use individual systems such as trapped ions [28]
or single atoms in high finesse cavities [29]. On the other hand, in the atomic ensemble
approach, a large collection of atoms or an atomic ensemble can be used to efficiently
store the quantum states of light as a collective excitation of many atoms. In contrast to
optical delay lines or cavity-enhanced interaction of light with single atoms, the atomic
ensemble-based approach makes it miuch easier to achieve strong and controllable cou-
pling between the atoms and the photons due to its large optical thickness .
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Atomic ensembles are also very promising candidates for multiplexed quantum mem-
ories. Quantum storage of light was first demonstrated in rubidium and cesium vapors
[30, 31]. A usual difficulty in such a system is the decoherence and doppler broadening
due to atomic collisions. To overcome this, one solution is to cool and trap the atom,
using a magneto-optical trap (MOT) [32] or optical lattices [33]. But this comes with
the drawback of higher complexity of the experiment. Hence, among all the possible
candidates, rare-earth-ion-doped (REID) crystals [34–36] are among the most promis-
ing candidates for optical quantum memories. They offer many interesting and unique
spectroscopic properties such as long optical and spin coherence time, a broad absorp-
tion spectrum, etc [25, 37–39].

1.4. THESIS SYNOPSIS
The remainder of this chapter briefly summarizes and describes my work during the
Ph.D. period and my contribution to each of the papers/articles, that are at the heart of
the different chapters of this thesis. The objective of my Ph.D. project was to develop
a multimode, long-lived and efficient quantum memory for a quantum repeater. The
subsequent chapters of this thesis encompass my work on the creation of a solid-state
quantum memory made in a thulium-doped yttrium gallium garnet (Tm: YGG) crystal.

This thesis contains 6 chapters:

• In this chapter (Chapter 1), we discuss the importance of ensemble-based solid-
state quantum memories in quantum repeater architectures. We also briefly dis-
cussed the significance of long-lived multimode quantum memory toward creat-
ing an efficient multiplexed quantum repeater architecture.

• In chapter 2, I will introduce on the basic tools and knowledge required to under-
stand spectroscopic studies and storage demonstration performed in a Tm: YGG
crystal. More specifically, I will discuss the benefits of multiplexing and the fre-
quency multiplexed quantum repeater architecture, rare-earth-ion-doped mate-
rials as potential quantum memory platforms, their properties and related spec-
troscopic tools to characterize them, and lastly the atomic frequency comb-based
quantum memory protocol, which has been used throughout in this thesis for
quantum storage of light.

• Chapter 3 introduces Tm:YGG as a potential quantum memory platform. The
characteristic properties of this crystal and the motivation behind our investiga-
tions are laid out. This chapter characterizes optical decoherence and magnetic
field dependent spectral diffusion in a thulium-doped crystal featuring millisec-
onds long optical coherence time and long-lived Zeeman (spin) sub-levels. This is
crucial in order to create an efficient and long-lived quantum memory.

• Chapter 4 focuses on understanding, improving and optimizing the optical pump-
ing process for creating efficient atomic frequency comb-based memories in Tm:YGG.
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This includes adiabatic pulse shaping for pump pulses, modeling frequency-dependent
rate equations for optical pumping in a three-level system of Tm:YGG to under-
stand spectral hole burning, and the time evolution of spectral features in the con-
text of magnetic field-dependent spectral diffusion.

• In chapter 5, we use a cryogenically cooled thulium-doped YGG crystal as a quan-
tum storage device. We show that Tm:YGG’s optical coherence time T2 can reach
1.1 ms, which is one of the longest T2 reported for any rare-earth crystal, and we
demonstrate storage of laser pulses of up to 100 µsec. We confirm the possibility
for feed-forward-based spectral mode mapping, and we also show that quantum
correlations between members of photon pairs persist throughout storage, i.e. that
our memory can operate in the quantum regime.

• In chapter 6, we investigate the experimental limits imposed by our memory sys-
tem which indicates routes for improvement in memory parameters. In particu-
lar,we discuss the possibility to use a monolithic impedance-matched cavity quan-
tum memory to improve the storage efficiency. We show that absorption profiles
for the created spectral features in the Tm:YGG crystal are modified when embed-
ded into a cavity and we simulate the impedance-matching criteria for our sys-
tem. We discuss the measurements and our effort toward building an efficient
alignment-free cavity quantum memory in Tm:YGG crystal.

• Lastly, in chapter 7 I conclude my thesis with a general discussion on the results
and provide an outlook on potential future developments.
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2
RARE EARTH ION DOPED

CRYSTALS FOR FREQUENCY

MULTIPLEXED QUANTUM

REPEATERS

Rare-earth-ion-doped materials provide a promising platform for creating good quan-
tum memories. In the context of frequency-multiplexed quantum repeaters, their large
ensembles of stationary ions with inhomogeneously broadened absorption lines and eas-
ily addressable spin and optical transitions with long coherence times make for a suit-
able platform to create an efficient light-matter interface. In this chapter, first, we discuss
the essential quantum memory requirements to use in frequency-multiplexed quantum
repeater architecture and provide background on what makes a good optical quantum
memory. Second, we discuss the important optical properties of rare-earth ions in view of
quantum memory. Then, we introduce several useful and widely-employed spectroscopic
tools and techniques, which will prepare the readers for the spectroscopic investigations
described in subsequent chapters. Finally, we delve into the atomic frequency comb (AFC)
quantum memory protocol and its characteristics to provide the necessary background for
the quantum storage demonstrations performed in chapters 3 and 5.
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2.1. FREQUENCY MULTIPLEXED QUANTUM REPEATERS
In the previous chapter, we discussed how a quantum repeater can ultimately overcome
the distance barrier in order to distribute entanglement in globe-spanning quantum
communication. There we have considered a highly idealized setting of a quantum re-
peater, where the main components, namely the entangled photon pairs sources, the
quantum memory, and the Bell-state measurements consisting of beam splitters and
photon detectors were assumed to be noise-free and free of errors. However, in practice,
this is definitely not the case. Limited detector efficiency, detector dark counts (i.e. a
click in a detector when no photon is detected), and noise from the source (which arises
from the emission of multiple-photon pairs when the source is probabilistic in nature)
need to be considered when constructing a quantum repeater. These imperfections de-
teriorate the repeater performances in terms of entanglement distribution rate as well
as the fidelity of the quantum state. A lot of improvements were proposed over the years
and a very promising approach is to incorporate multiplexing [1, 2]. It helps to achieve a
reasonably higher entanglement distribution rate against small rates caused by the need
to wait for feed-forward information.

Multiplexing boosts the entanglement distribution rate in a quantum repeater. It
overcomes the problem of having a small success probability of generating entangle-
ment in an elementary link by attempting to generate entanglement multiple times in
a single round. This can be done using various degrees of freedom of the photons such
as temporal modes (time bin), spectral modes (frequency bin), or spatial modes (orbital
angular momentum states of photons). In this thesis, we will focus on spectral multi-
plexing [3, 4].

Figure 2.1: Frequency multiplexed quantum repeater architecture: A quantum repeater based on absorptive
quantum memories (QM) and entangled photon-pair sources (Bell-pairs). BSM indicates the Bell-state mea-
surement which is necessary to establish entanglement in a heralded manner across elementary links and to
extend it over the entire communication channel. The figure is adapted from [5].

In the frequency multiplexed quantum repeater architecture proposed by Sinclair
et al. [3] and described in Figure 2.1, each elementary link is composed of two frequency-
multiplexed entangled photon pair sources (PPE) capable of generating entangled pho-
ton pairs at different spectral modes (frequency bins), two multimode quantum mem-
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ories (QM) capable of storing photons simultaneously in different spectral modes, a
frequency-resolved Bell-state measurement (BSM) at the center of each elementary link
capable of heralding the entanglement between two frequency-multiplexed quantum
memories, and a non-frequency multiplexed BSM that allows extending entanglement
across neighboring elementary links. In this scheme, a frequency multiplexed source
generates many pairs of entangled photons in different spectral bins. One member per
pair from each spectral mode is simultaneously stored in a multimode quantum mem-
ory and the second member from each spectral mode is sent over a ‘quantum channel’
to the center of the link where it meets a member of an entangled pair generated at the
other end of this link. The two photons’ joint state undergoes a Bell-state measurement
(BSM) on each spectral mode, and the result of a successful BSM is communicated over a
‘classical channel’ back to the end-points to herald the establishment of entanglement of
two adjacent quantum memories in an elementary link (feed-forward based mode map-
ping). Finally, to establish entanglement between the endpoints of the entire repeater
link, the stored photons (which occupy random spectral modes) are recalled from the
neighboring memories and subjected to a local BSM at the intersection of neighboring
elementary links. The local BSM must be preceded by adjustable frequency shifts and
spectral filtering to guarantee indistinguishability.

On the other hand, a repeater that employs temporal multiplexing assumes all qubits
to feature the same spectrum (spectral modes) but to arrive at different times in the
memory and at the remote BSM (i.e. in different temporal modes). In contrast to the
spectral multiplexing strategy, an on-demand quantum memory is employed in this re-
peater scheme. So all the stored qubits in the memory are recalled on demand, which
requires varying the storage time in order to satisfy indistinguishability for joint Bell-
state measurement.

There are several factors or a set of figures of merit to consider when building a quan-
tum memory device, including fidelity, bandwidth, multiplexing capacity, efficiency, stor-
age time, operational wavelength, etc. All of these performance parameters define the
state-of-the-art and guide development. It is important to note that the figures of merit
which quantify the memory performance often depend on the task. Below we introduce
these figures of merit:

• Fidelity is a measure of how well the quantum state is preserved in the quantum
memory. In other words fidelity quantifies how closely the output quantum state
from the quantum memory is to the input quantum state; it is defined as the over-
lap of the quantum state of the re-emitted photon

∣∣ψout
〉

with the input photon∣∣ψinput
〉

. Assuming both states are pure, fidelity is defined as
∣∣〈ψinput |ψoutput

〉∣∣2.
This is often called conditional fidelity because it is conditional on the re-emission
of a photon. In terms of density matrices, it can be written as

F = tr
(
ρρ

′)
. (2.1)

where ρ and ρ
′

are the density matrices of the input quantum state and the output
quantum state.



2

16 2. RARE EARTHS FOR QUANTUM REPEATERS

For a device to be identified as a “quantum" memory, the fidelity must exceed the
limit of a “classical" counterpart of the memory for single qubits, which corre-
sponds to 2/3 [6].

• Efficiency: A quantum memory’s efficiency is the probability of re-emission given
that a photon arrived at the memory. It describes the combined probability of
storage and retrieval from the quantum memory.

Although unit efficiency is desired, in practice, it is impossible to reach unit effi-
ciency. In a quantum repeater-based entanglement distribution protocol, a highly
efficient quantum memory translates into a higher entanglement establishment
rate. It is shown in [7] that quantum memories with 90% efficiency are sufficient
to build a practical quantum repeater that would outperform the direct transmis-
sion through optical fibers.

• Storage time: Storage time of a quantum memory is defined as the time difference
between the absorption and re-emission of the photons carrying the quantum
state. In temporally multiplexed quantum repeater-based entanglement distribu-
tion protocol, the entangled states must be stored in the quantum memories until
entanglement is established in the neighboring links. In frequency multiplexed
quantum repeater protocol, the minimum storage time of the quantum memory
has to be equal to the time it takes for the photons to travel toward the center of the
elementary link and for the feed-forward signal of the successful BSM operation
to travel back. Long storage time makes long transmission distance possible and
could hold the system longer for synchronization. For example, 500 µs of storage
time is sufficient enough for a 100 km long elementary link length. For the mem-
ories that we consider in this thesis, the storage time is inherently connected with
efficiency due to time-dependent decoherence. The longer the storage time, the
smaller the collective atomic coherence. Thus, the atoms may not all coherently
participate in re-emission, thus reducing the retrieval probability.

• Bandwidth: The Bandwidth of a quantum memory is the maximum spectral width
over which the memory can store the quantum state efficiently. It dictates the
communication rates achievable in a quantum repeater. High bandwidth quan-
tum memory with multi-mode capacity is necessary since it improves the quan-
tum information transmission rate. Since larger bandwidth corresponds to a shorter
duration of qubits in time, the higher the bandwidth of the memory, the higher
the entanglement distribution rate. Quantum memories with several GHz orders
of bandwidths are desirable to align with classical communication standards.

• Multiplexing capacity: Sometimes referred to as multimodality or multimode ca-
pacity. It bounds the number of qubits that can be stored simultaneously in the
quantum memory. Even though spectral multiplexing has been given more fo-
cus in this thesis, the multiplexing can also be achieved in other degrees of free-
dom such as temporal multiplexing - with a train of input photonic states, spatial
multiplexing - where orbital angular momentum states are utilized. The temporal
multiplexing capacity is approximately equal to the ratio of the storage time to the
qubit duration. In other words, it is the ratio between the memory bandwidth to
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the spectral width of the qubit [8]. The spectral multiplexing capacity is approxi-
mately the ratio between the total memory bandwidth (or the absorption window)
to the bandwidth per spectral channel. It is upper bounded by the inhomogeneous
broadening of the transition for storage.

• Operation wavelength: The operating wavelength of the quantum memory de-
pends on the available transition of the material. Various materials have been ex-
plored and used as optical quantum memories, with operating wavelengths rang-
ing from visible to telecom-wavelength. It is desirable to have quantum memo-
ries which can operate in the telecom-wavelength range because they can be in-
tegrated easily with the existing low-loss telecommunication infrastructure but it
is not clear yet which wavelength is the best choice. Furthermore, the operating
wavelength of a quantum memory also depends on the available photon sources
and detectors.

• Complexity and practicality: In practice, it is desirable to have a quantum mem-
ory that has minimal complexity and should not require bulky and expensive re-
sources. The integration of quantum memories with the existing photonic fiber-
optic communication technologies needs to be simple. For that purpose, fiber-
integrated, telecom wavelength-compatible quantum memories are suitable. In
addition to these requirements, robustness and compactness are other important
factors. Hence, the development of solid-state quantum memory, as opposed to
laser-cooled atoms, or warm atomic vapor memories, is highly desirable.

2.2. RARE-EARTH-ION-DOPED (REID) CRYSTALS FOR QUAN-
TUM MEMORY

According to the International Union of Pure and Applied Chemistry (IUPAC), in the
periodic table, rare-earth elements belong to a class of 15 elements (from Lanthanum
(atomic number 57) to Lutetium (atomic number 71)) known as lanthanides, including
scandium and yttrium. Despite the name, most of the rare-earth elements are not re-
ally rare, but they tend to occur together in nature and are difficult to separate. The first
rare earth element, yttrium, was named after the village in Sweden where it was found,
Ytterby. Some of the other rare-earth elements were also named in a similar manner or
after the scientists who discovered or elucidated them. When doped into inorganic crys-
tals, these atoms usually become triply positively charged ions whose common property
is their partially filled 4 f electronic shell. The trivalent lanthanide ions have a Xenon-like
electronic shell structure -1s22s22p63s23p64s2 3d 104p65s24d 105p6- plus N additional
electrons on the 4 f shell, where N varies from 0 for lanthanum to 14 for lutetium. The
electrons in these shells remain spatially separated from the electrons involved in bond-
ing to the host crystal. Moreover, the asymmetries in the crystal field structure cause
mixing of the wave functions for electrons of this shell that weakly permit transitions that
would otherwise be forbidden via selection rules. The 4 f N −4 f N transitions are those
utilized for absorptive optical quantum memories. The rare-earth elements, which are
listed in Table 2.1:

Rare-earth-ions (REIs) have very similar properties. Due to their unique spectro-
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Table 2.1: List of rare-earth elements with their electronic configuration in the tri-positive state and the corre-
sponding ground state label in the Russell-Saunders notation.

Atomic
number

Rare-earth element
Electronic configuration
of the trivalent rare
earth ion

(
RE3+) Ground state

( Russell-Saunders
notation )

21 Sc Scandium 3d 0 1S0

39 Y Yttrium 4d 0 1S0

57 La Lanthanum 4 f 0 1S0

58 Ce Cerium 4 f 1 2F5/2

59 Pr Praseodymium 4 f 2 3H4

60 Nd Neodymium 4 f 3 4I9/2

61 Pm Promethium 4 f 4 5I4

62 Sm Samarium 4 f 5 6H5/2

63 Eu Europium 4 f 6 7F0

64 Gd Gadolinium 4 f 7 8S7/2

65 Tb Terbium 4 f 8 7F6

66 Dy Dysprosium 4 f 9 6H15/2

67 Ho Holmium 4 f 10 5I8

68 Er Erbium 4 f 11 4I15/2

69 Tm Thulium 4 f 12 3H6

70 Yb Ytterbium 4 f 13 2F7/2

71 Lu Lutetium 4 f 14 1S0

scopic characteristics, the rare-earth-ion-doped crystals have attracted a lot of attention
in the past decade as promising candidates for many optical applications including flu-
orescent lamps, solid-state lasers [9], optical amplifiers [10] in fiber optics, in quantum
computing [11, 12], optical data storage [13] and quantum memories [14]. This is often
because of their very long coherence lifetimes at cryogenic temperature [15–18].

The similarity among rare-earth elements comes from the fact that the 4 f shells are
not completely filled and the 4 f electrons do not take part in binding and chemical reac-
tions. The 5s and 5p electrons have lower energies than the 4 f electrons therefore elec-
trons fill the 5s and 5p before the 4 f shell (Aufbau principle and Hund Rule). On the
other hand, the 4 f shell has a lower principal quantum number which keeps its radial
charge distribution closer to the nucleus than the 5s and 5p shells (shown in Figure 2.2).
Thus, the 4 f electrons are shielded by electrons in the 5s and 5p closed shells from in-
teracting with ligand electrons and lattice vibrations. This is called the screening effect,
which prohibits the interaction of 4 f electrons with the dynamic crystal environment,
and leads to very sharp spectral lines, e.g. optical transition linewidths in the sub-kHz
range which corresponds to milliseconds-long optical coherence time [16, 18, 21]. By
employing dynamical decoupling, hyperfine transitions’ decoherence could be reduced
to observe long spin coherence times of around 6 hours at cryogenic temperatures [17].
As a result, the rare-earth ions exhibit unique characteristics which make them valuable
for many optical applications such as solid-state lasers [9], optical amplifiers [10], and
optical data storage [13].

Figure 2.2 shows a plot of the theoretical probability distribution of the outer elec-
tronic shells of Gd+, calculated using the Hartree Fock method. The 4 f shell is seen to
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Figure 2.2: Electron distribution for Gd+: The radial charge density as a function of radius r for the 4 f , 5s, 5p
and 6s shells of Gd+, calculated by Freeman and Watson [19]. In the trivalent state of rare-earth ions, the 6s
shell is completely empty but the 5s and 5p shells are fully populated.

Figure 2.3: Typical energy scales involved in the rare-earth level structure: Table adapted from [20]. The
splittings down to the spin-orbit coupling are properties of the free ion, while the hyperfine splitting and su-
perhyperfine splitting concern the spin Hamiltonian.

be closer to the nucleus than the 5s and 5p shells. For this reason, the electronic level
structure of rare-earth ions can be approximated by the free-ion energy levels. The in-
teraction with the host crystal ("crystal field") can be treated as a perturbation of the free
ion.

The total Hamiltonian of any rare-earth ion can be divided into three terms, ordered
with decreasing energy scales

H =HF I +HC F +H spi n (2.2)

where HF I is the free-ion Hamiltonian, HC F the crystal-field Hamiltonian, and H spi n

the spin Hamiltonian. A typical energy scale involved in the rare-earth level structure is
shown in Figure 2.3. In the next paragraph, we will focus on each term of the Hamilto-
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nian separately.

2.2.1. ENERGY LEVELS
The electronic configuration of an atom is determined by four quantum numbers (n, l ,ml ,ms ):
its principal quantum number n, its angular momentum quantum number l (0 ≤ l ≤ n
- 1), its magnetic quantum number ml (−l ≤ ml ≤ l ) and its spin quantum number ms

= ±1/2. Each (n, l ) energy level is called a configuration. Here we focus of the 4 f config-
uration with n = 4 and l = 3 of REI-doped system. Thulium atoms (Tm) have the atomic
number 69. They lose usually 3 electrons and become Tm3+ when bonded to oxygen.
The electronic configuration of Tm3+ is [Xe]4 f 12, i.e. there are twelve electrons in the 4 f
shell. For the understanding of the energy levels, there are many interactions that should
be considered in the Hamiltonian, which can be written as

H = [H0 +HC +HSO]+HC F + [HHF +HQ +He Z +HnZ ] (2.3)

where, HF I =H0 +HC +HSO and H spi n =HHF +HQ +He Z +HnZ . Further detailed
analysis can be found in [9, 22].

Free-ion Hamiltonian H0: The free-ion Hamiltonian H0 is the sum of the kinetic
energy and the potential energy of the electrons in the field of the nucleus. The Hamil-
tonian describing an N-electron ion without any external field can be decomposed as
follows:

H0 =−
N∑

i=1

ħ2

2m
∇2

i −
N∑

i=1

Z e2

ri
(2.4)

It is purely radial and hence does not affect the energy level structure. Any nonspherical
electronic interactions are taken as perturbations to the spherically symmetric poten-
tials. Central field approximation is used which is a conventional approach to solve the
Schrodinger equation for N-electron atomic system and to evaluate the energy levels.

The Coulomb interaction Hamiltonian (HC ): The Coulomb repulsion between pairs
of electrons can be written as

HC =
N∑

i< j

e2

ri j
(2.5)

The repulsive interaction between the electrons removes the degeneracy of the 4 f elec-
trons in the ground and excited terms which are labeled as 2S+1L, each of which is (2S +
1)(2L+1)-fold degenerate. For example, HC breaks the degeneracy 4 f N level into 14!/(14-
N )!N ! levels. But note that, this rule does not apply for Lu3+ since N is equal to 14 for
its 4 f N orbital. The total orbital angular momentum L, total spin angular momentum
S, and the net angular momentum J determine the spectral terms of the ground and ex-
cited states. While J and S are specified numerically, L is conventionally specified with
letters in the following manner; L = 0, 1, 2, 3, 4, 5, ... ≡ S, P , D , F , G , H ,... HC term
dominates the Hamiltonian in light atoms whose radius is small hence the electrostatic
interaction is strong.
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Figure 2.4: Dieke diagram of energy levels of different REI elements doped into Lanthanum Fluoride. The
transition energies are calculated from free ion and crystal field terms of the ion Hamiltonian. The orange
arrow indicates the optical transition in thulium for this work. The figure is reproduced from [9].

The spin-orbit interaction Hamiltonian HSO : The motion of electrons in the orbit
around the nucleus creates a magnetic field that interacts with the electron spins, which
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can be written as

HSO =
N∑

i=1
ξ (ri ) l i · si (2.6)

It is called the spin-orbit interaction (HSO) and splits the Coulomb interaction energy
term into manifolds, where each level is a (2J + 1) degenerate multiplet labeled in the
Russell-Saunders notation 2S+1L J . The LS coupling scheme applies, however, better
for light atoms than heavy atoms. When the atomic number Z increases, the spin-orbit
coupling increases much faster than the Coulomb interaction. In rare-earth ions, they
are typically of the same magnitude. As a consequence, L and S are not good quantum
numbers anymore and the LS coupling scheme should be replaced by the so-called in-
termediate coupling scheme which includes the mixing of energy terms with different
L and S by the spin-orbit interaction [9]. The final energy levels are (2J +1) degenerate
multiplets characterized by quantum number J only. Nevertheless, rare-earth energy
levels are usually still labeled using the Russell-Saunders notation 2S+1L J . This remains
accurate for low energy states which are relatively pure in L and S, as ground multiplets
are usually greater than 90% pure LS states. This is not accurate anymore to describe
high-energy states as discussed in [23]. In the many-electron free ion case when the 4 f
shell is less than half full, the ground state manifold can be built with the Hund rule,
where J = L−S. In Tm3+ the ground state manifold is 3H6.

Among the three interactions mentioned above the spin-orbit term is relatively small
and can be treated as a perturbation. However, the Coulomb interaction term can not
be neglected as this repulsion term couples pairs of electrons, and the motion of each
electron depends on the other N − 1 electrons. Due to the screening effect, any other
interactions with the ions can be considered as perturbations of the free ion case, which
is represented by the Hamiltonians on the right bracket.

The crystal field interaction Hamiltonian HC F : When embedded in a crystal, the
rare-earth ion’s environment produces electric fields which break the spherical symme-
try of the electronic structure developed. The electric field of the crystalline environment
splits the ionic energy levels. Nevertheless, the interaction of the electrons with the crys-
tal field (HC F ) is weaker than the spin-orbit interaction thus the effect is mostly localized
as perturbations within the single manifolds. It partially or completely removes the de-
generacy on each J manifold which can then be split into a maximum of 2J + 1 levels,
written as 2S+1L J (n), n = 0,...,2J+1. The number of crystal field levels, as well as the mag-
netic properties of rare-earth ions, depends on the number of electrons in the 4 f shell.
If it is an odd number, the ion, called Kramers ion, has a larger magnetic moment due
to the unpaired electron. For example Er3+ ion, which has 11 electrons in the 4 f shell.
Ions with an even number of electrons are called non-Kramers ions. For example Tm3+,
which has 12 electrons in the 4 f shell. For those in sites with lower than axial symmetry,
it results in a “quenching” of the angular momentum. In non-Kramers ions, all crystal
field levels are split while a 2-fold degeneracy remains in the case of Kramers ions.

The hyperfine interaction Hamiltonian HHF : This is the interaction between the
nuclear spin momentum I and the effective magnetic field induced by the electronic
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angular momentum S. For singlets, the first-order hyperfine interaction vanishes, and
only the second-order effect is considered. The splittings of energy levels due to this
Hamiltonian are often referred to as the hyperfine splittings.

Often the interaction between the nuclear spin and the magnetic field induced by the
spin of the electron is referred to as hyperfine interaction (HHF ∝ S⃗ · I⃗ ) whereas the in-
teraction between the electronic spin of the ion and the magnetic field produced by the
nuclear spin of the host element is referred to as superhyperfine interaction (HSHF ∝
S⃗ · ⃗Ihost ).

The quadrupole interaction Hamiltonian HQ : The quadruple interaction is due to
the effect on a nuclear spin (with I ≥ 1) caused by the interaction between the angular
momentum of the electron L⃗ and the nuclear quadruple momentum Q⃗ i.e HQ ∝ Q⃗ · L⃗.
The quadrupole interaction term is similar to the second-order nuclear hyperfine inter-
action term. The two Hamiltonians can be written together as an effective Hamiltonian

He f f =−g 2
J µ

2
B H ·Λ ·H − (

2AJg JµB H ·Λ · I −HZ
)− (

A2
J I ·Λ · I +HQ

)
(2.7)

where H is the applied magnetic field, I is the nuclear angular momentum operator,
g J is the Lande g-factor and µB is the Bohr magneton, and AJ is the magnetic hyper-
fine constant. Here Λ is the tensor describing the second-order interactions in the sys-
tem. The first term in the equation is the quadratic electronic Zeeman shift, the sec-
ond term is called the enhanced nuclear Zeeman Hamiltonian due to the enhancement
of coupling to the second order hyperfine interaction and the last term is the effective
quadrupolar Hamiltonian which is the combination of the second order hyperfine and
pure quadrupole interactions. This term is also known as the pseudo-quadrupolar inter-
action.

The Zeeman interaction Hamiltonian HZ : The last two Hamiltonians, electronic
Zeeman effect He Z and nuclear Zeeman effect HnZ exist only when an external mag-
netic field is applied. The external field lifts the ± degeneracy in the hyperfine levels
and for Kramers ions, it splits each level into two. The magnitude of the splitting is di-
rectly proportional to the amplitude of the applied field. He Z represents the interaction
between the spin of the electron and an externally applied magnetic field. HnZ repre-
sents the interaction due to the interaction between the nuclear spin and an externally
applied magnetic field. Non-Kramers ions such as Tm3+ can exhibit an enhancement
in the nuclear Zeeman interaction, due to the second-order perturbation created by the
electronic Zeeman and hyperfine interactions also known as pseudo-nuclear Zeeman in-
teraction.

2.2.2. HOMOGENEOUS AND INHOMOGENEOUS BROADENING
Generally, a spectral linewidth for a given optical transition of a two-level system origi-
nates from two main contributions: homogeneous and inhomogeneous linewidth broad-
ening. The homogeneous broadening is due to the intrinsic properties of rare-earth ions.
This is mainly because of the finite lifetime of the excited state but can also include other
decoherence phenomena which broaden the observed linewidth. While the extrinsic
properties such as strain and stress in the crystalline environment usually lead to inho-
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Figure 2.5: a) Homogeneous linewidth: absorption profile of a perfect crystal doped with REIs. b) Inhomoge-
neous linewidth: absorption profile of an imperfect crystal doped with REIs. The imperfections may be caused
by, for example, stress and strain in the host crystal. The extreme case of an imperfect crystal can be seen as an
amorphous lattice that possesses a large inhomogeneous linewidth. The figure is reproduced from [24, 25].

mogeneous broadening.

Homogeneous broadening accounts for the linewidth of the transition of each indi-
vidual rare-earth ion. It refers to the spectral linewidth of a single ion’s absorption and
emission. This is the result of the broadening of the optical transition due to the finite
lifetime of the excited state. Homogeneous linewidth can be affected by decoherence
phenomena happening in the crystalline environment of the REI spin, for example, the
ion-phonon interaction, the ion-ion interaction, fluctuating nuclear or electron spins,
the ion spin-nuclear spin interaction, etc. In short, homogeneous broadening arises
from dynamic processes and the dephasing of ions at the electronic levels. Hence it is
the same for all ions. It can be defined as

Γh = 1

2πT1
+ 1

πT ∗
2

= 1

πT2
(2.8)

where T1 is the population decay time/excited state lifetime, T ∗
2 is the pure dephasing

time (ensemble-averaged transverse dephasing time) and T2 is the optical coherence
time. The T1 lifetime describes how long the atom stays in the excited state before it de-
cays to the ground state, while the coherence time T2 describes how long the superposi-
tion state keeps its phase information. Since the phase information is lost if the system
decays to its ground state, the population lifetime T1 sets the upper limit of the coher-
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ence time, T2 ≤ 2T1. The screening effect due to the 5s and 5p shell minimizes the broad-
ening of the absorption line by diminishing the phonon-ion interaction in the crystalline
lattice at liquid helium temperatures. Phonon interaction dominates at higher tempera-
tures and broadens the linewidth.

Inhomogeneous broadening: When doped into a perfect inorganic crystal, each in-
dividual rare-earth ion has a well-defined and identical center frequency and a narrow
homogeneous linewidth. However, because of the size mismatch between the dopant
ions and the host ions, the doping distorts the crystal lattice randomly and the individual
ions are located in slightly different local environments and experience different crystal
fields. This causes a static random shift of the resonance frequency of the ions, resulting
in an absorption profile that is much wider than the homogeneous linewidth, Γh . This is
referred to as the inhomogeneous linewidth Γi nh .

Such static resonance frequency shifts can have several origins. The magnetic dipole-
dipole interaction shifts the transition frequency of a REI spin and causes inhomoge-
neous broadening of the REI ensemble. Dipole interactions are of two types: either with
the nuclear spins of the host crystal or with paramagnetic impurities. It can be shown
that dipolar coupling leads to a Lorentzian lineshape. Its fullwidth-at-half-maximum
(FWHM) linewidth is called the dipolar linewidth. Another less intuitive broadening
mechanism is the frequency shift caused by inhomogeneous electric field gradients in
the crystal (due to charge defects) [20]. Figure 2.5 illustrates how this inhomogeneous
broadening happens. The inhomogeneous linewidth varies from host to host and de-
pends on many factors, such as doping concentration, crystal quality, external static
pressure, etc. Typically the inhomogeneous linewidth can be from a few tens of MHz to
a few THz. For the crystal used in this thesis, 1% Tm3+:YGG, the typical inhomogeneous
linewidth is 50-60 GHz. Since the inhomogeneous linewidths (≈ GHz) are typically much
wider than the homogeneous linewidths (≈ kHz), it is possible to address different en-
sembles of ions individually using a narrow-linewidth laser at different frequencies, e.g.,
by spectral hole burning, to be discussed in the subsequent chapter. This offers attrac-
tive possibilities for data storage [13], which is also the topic of discussion in the next
chapter.

2.2.3. SPIN RELAXATION AND SPECTRAL DIFFUSION

Optical dephasing/decoherence mechanisms in the time domain translate into linewidth
broadening in the frequency domain. Therefore, the decoherence mechanisms that
cause the reduction of the optical coherence time T2 will broaden the homogeneous
linewidth Γh . Two main processes responsible for optical dephasing are phonon-ion in-
teractions and spin-flips. Phonon-ion interactions lead to the relaxation of the popula-
tion from spin levels through interaction with lattice phonons, which is known as spin-
lattice relaxation. This can occur via direct (resonant) or indirect (Raman) processes.
The REI spins are also affected due to the spin-spin interactions with the host ions. Any
spin changes of the surrounding ions (spin-flips) will affect the optical coherence time
of the target REI spin through spin-spin interactions. Because of these processes, the de-
phasing behavior of the target REI spin will change with time, which is known as spectral
diffusion. Taking spectral diffusion into account the effective homogeneous linewidth
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can be written as [26, 27]

Γh(e f f ) = Γpopul ati on +Γspi n−phonon +Γspi n−spi n +ΓT LS +ΓI SD (2.9)

where the contribution of each term to the effective homogeneous linewidth Γh(e f f ) is
explained below:

• Population lifetime limited linewidth Γpopul ati on : The natural spectral linewidth
∆ν of a dipolar emission is “Fourier" limited to 1

2πτ , due to the finite lifetime τ,
of the excited state, owing to the energy-time uncertainty principle. This is the
fundamental limit of the spectral linewidth.

• Spin-phonon interaction limited linewidthΓspi n−phonon : A theory for spin-lattice
relaxation at low temperatures, e.g. at or below liquid helium temperatures, was
first developed by Orbach in 1961 [28]. The treatment is based on the assumption
that relaxation is facilitated by fluctuations in the crystal’s electric field, which is
caused by phonons. Orbach’s treatment distinguishes between Kramers ions (e.g.
Er3+) and non-Kramers ions (e.g. Tm3+). When out of thermal equilibrium, spins
relax by exchanging energy with a thermal bath at temperature T0. There are two
thermal baths with which spins can exchange energy: either they relax by emit-
ting microwave photons- known as radiative relaxation, or they relax by emitting
phonons- known as non-radiative relaxation [29].

Figure 2.6: Different phonon processes facilitating transitions between |a〉 and |g0〉 (figure adapted from [30]),
each of the processes are described in detail in the main text.

Let us consider two Zeeman energy-levels (spin states) |g0〉 and |a〉) under a mag-
netic field H with Zeeman energy ħω = ge f f µB H . The populations of each level are
called ng and na respectively. They are coupled to a bath of infinite heat capacity
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such that its temperature is always at T0. Note that in the case of phonons, this as-
sumption is not always valid. In fact, the heat capacity of phonons is often smaller
than the one of the spins and this can lead to an effect called phonon bottleneck,
where the phonon temperature increases due to spin relaxation.

1. Direct process: We first consider the direct process where each spin exchanges
one resonant phonon or photon with the bath. The population difference between
the two spin levels evolves according to the following differential equation:

d
(
ng −na

)
d t

= (w−+w+)
[(

Ng −Na
)− (

ng −na
)]

(2.10)

where w+ and w− are the transition rates from |g0〉 to |a〉 and from |g0〉 to |a〉 re-
spectively and Ng and Na are the equilibrium level populations. The transition
rates are related to Einstein coefficients with

w+ = Bρ

w− = A+Bρ = Bρe
ħω

kB T0

(2.11)

where A is the coefficient of spontaneous emission, B is the coefficient of stim-
ulated absorption or emission, ρ is the energy density of the bath, and kB is the
Boltzman constant.

ρdω∝ ω3

v3

dω

exp(ħω/kB T0)−1
(2.12)

v is either the velocity of light (≈ 3× 108m/s) or the velocity of phonons (≈ 3×
103m/s). The solution of Equation 2.10 is thus

na −ng = (Na −Ng )+ [(na −ng )t=0 − (Na −Ng )]e−t/T1 (2.13)

1

T1
= w++w− = A+2Bρ∝ ω3

v3 B coth
ħω

2kB T0
(2.14)

Here T1 is the spin state lifetime.

The rate of direct phonon processes for non-Kramers ions, Eq.2.14 modifies to [29]

1/T1 ∝ H 2T0 (2.15)

for gµBH << kBT0

1/T1 ∝ H 3 coth

(
gµB H

2kB T0

)
(2.16)

otherwise.

For Kramers ions, the unpaired electron makes them more susceptible to interac-
tions with the environment. This leads to different phonon coupling strengths and
different dependencies of the relaxation rates on external factors such as the mag-
netic field. However, the processes themselves are the same, and Eq.2.14 trans-
forms to [29, 30]

1/T1 ∝ H 4T0 (2.17)
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for gµBH << kBT0

1/T1 ∝ H 5 coth

(
gµB H

2kB T0

)
(2.18)

otherwise.

The characteristic temperature and magnetic field dependencies of the direct phonon
process (Eq.2.16 and 2.18) can serve to identify Kramers ions and non-Kramers
ions. Generally, the direct-phonon process is dominant at low temperatures. At
higher temperatures, phonons with higher energy are available and multi-phonon
processes become important. The specific temperature at which higher-order pro-
cesses dominate relaxation strongly depends on the host material.

1.1 Radiative relaxation: The radiative relaxation rate by direct absorption and
emission of photons from the electromagnetic radiation field in free space can be
written as

1

T1
= µ0

4π

2(gµB /ħ)2

3

ħω3

c3 coth
ħω

2kB T0
(2.19)

In free space, it can be neglected. However, photon emission can be greatly en-
hanced via the coupling of the spin to a high-quality-factor microwave resonator.

1.2 Non-radiative relaxation: Because radiative relaxation is negligible, spin re-
laxation in crystals occurs dominantly by the exchange of phonons with the lat-
tice. We now describe qualitatively the mechanism leading to spin relaxation by
phonon emission in REIs. Lattice ion vibration leads to a modulation of the crystal
field, which couples to the REI magnetic moment via the spin-orbit interaction.

2.Two-phonon processes: In addition to the direct phonon process, REI spin re-
laxation can occur via two-phonon processes. Two-phonon processes are explained
by second-order perturbation theory. Here the spin-lattice potential acts twice
upon the involved states and two phonons induce a transition between the initial
and final state. Therefore an intermediate level |t〉 via which the transition takes
place must be involved. Figure 2.6 shows the distinction between direct phonon
processes, resonant two phonon processes (Orbach processes), and off-resonant
two phonon processes (Raman processes).

There are two fundamentally different two-phonon processes, distinguished by
whether the intermediate level can be populated (Orbach process), which is mostly
the case if kB TD >∆t , or the intermediate level is not populated (Raman process),
and the transitions occur via a virtual level. This process is dominant if kB TD <∆t .
∆t is the energy difference between the initial state |a〉 and the intermediate state
|t〉. TD is the Debye temperature and ωmax = kB t/ħ the largest available phonon
frequency in the host material.

2.1 Orbach process: The Orbach process involves a third level |t〉. If the phonon
energy density is higher at its energy ∆t compared to the Zeeman energy ħω, it
will be more likely that, in order to relax from |a〉 to |g0〉, a phonon is first absorbed
such that |a〉 is excited to |t〉 and then state |t〉 emits a phonon and relaxes to |g 〉.
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The Orbach relaxation rate is

1

T1
= RO∆

3 + 1

e∆/kB T0 −1
(2.20)

2.2 Raman process: The Raman process is a two-phonon process that involves a
continuum of states within the phonon energy density. Unlike the Orbach process,
it involves virtual phonon states which are not specifically resonant with transi-
tions of the magnetic ion. From this virtual level, a phonon can be emitted again
such that the electron spin relaxes to |g0〉. This relaxation can be modeled by two
separate mechanisms and the Raman relaxation rate has thus two contributions

1

T1
= RR T 9

0 +R/
R (

ħω
kB

)2T 7
0 (2.21)

It is important to note that both two-phonon processes are independent of the
magnetic field and can be distinguished using their temperature dependence.

Multi-phonon processes that include the interaction with more than two phonons
can be treated in the same way as direct and two-phonon processes. However,
we will not consider those cases since we restrict ourselves to applications imple-
mented at and below liquid helium temperatures at which they play an insignifi-
cant role.

• Linewidth limited by spin-spin interaction Γspi n−spi n : This phenomenon refers
to the mutual spin-spin coupling, which can be either the electronic spin-spin or
the nuclear spin-spin couplings. When two neighboring REI spins are resonant,
they exchange their energy mediated by magnetic dipole-dipole interaction which
results in a spin flip-flop. But when two neighboring electronic or nuclear spins
are off-resonant with each other, the energy difference between them is supplied
by the host nuclear spin. This causes fluctuations of the magnetic field in the sur-
rounding environment of the REI spin, which results in linewidth broadening. For
Kramers ions (e.g Er-doped materials), due to their large magnetic dipole moment,
spin flip-flops can often degrade the coherence time. To get around this problem
a high magnetic field is required to polarize (“freeze") the environmental spins.
For non-Kramers ion (e.g Tm-doped materials), on the other hand, due to their
quenched electronic spin, flip-flops do not pose a serious threat. Instead, nuclear
spin flip-flops can cause linewidth broadening. There are ways to minimize the
detrimental effect due to spin flip-flops. Since the magnetic dipole-dipole interac-
tion strength decreases with distance r as r−6, low REI spin concentration and less
magnetic impurities in the material help to mitigate the effect of spin flip-flops.
Choosing a host material whose elements have small nuclear magnetic moments
also helps.

• Linewidth limited by two-level systems (TLS) interaction ΓT LS : In a disordered
crystal structure, a major contributing mechanism to homogeneous linewidth broad-
ening is the coupling between energy levels of rare-earth ions with Two Level Sys-
tems (TLS). In a crystal lattice, phonons represent the quantized lattice vibrational
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modes but in an amorphous lattice (irregular crystalline structures, glasses), phonons
are replaced by localized vibrational low-energy modes. They can exhibit a double-
well-like potential energy structure and, therefore, can be treated as a two-level
system (TLS). One or many ions can tunnel between these two energy minima in
configuration space, introducing TLS broadening.

• Linewidth limited by instantaneous spectral diffusionΓI SD : Instantaneous Spec-
tral Diffusion, or ISD in short, is a decoherence effect, caused by the presence of
intense light. ISD can take place when the optical excitation of a neighboring ion
causes magnetic or electric field fluctuations in the REI crystalline environment.
It can also be identified as an ion-ion interaction or due to phonon-induced inter-
actions which results in a transition frequency shift of the REI spin, leading to the
broadening of the homogeneous linewidth. By lowering the concentration of the
dopant ion in the crystal, or by lowering the intensity of the light, one can signifi-
cantly diminish the influence of ISD.

The next section will provide the background to understand the interaction between
light and matter which can help us to probe and measure the underlying decoherence
mechanisms discussed above.

2.3. SPECTROSCOPIC TOOLS AND SPECTRAL TAILORING
Light provides us with a unique tool to investigate the properties of matter and to un-
derstand the underlying mechanisms that lead to them. This section will discuss various
spectroscopic methods and their ability to measure different material properties. The
main goal is to provide a set of measurements that allows one to quantify the ability to
perform spectral tailoring. This kind of measurement for a broad range of environmen-
tal parameters such as temperature, magnetic fields, etc. It is then possible to determine
the nature of the underlying processes leading to the observed properties.

2.3.1. SPECTRAL HOLE BURNING
For the investigation of the spectroscopic properties of materials with inhomogeneously
broadened absorption lines, we implement a widely known spectroscopic tool known as
spectral hole burning (SHB). Using a narrowband laser that is resonant with the transi-
tion of interest, it is possible to excite a spectrally narrow sub-ensemble of the two-level
atoms and transfer the atomic population from the ground to the excited state [31]. This
procedure is known as optical pumping. Since absorption is proportional to the popula-
tion difference between the ground and excited state, such an atomic excitation causes
a decrease in absorption at the frequency of excitation. This results in a spectral hole
in the inhomogeneously broadened absorption profile. After the spectral hole has been
created, it can be probed by frequency-sweeping the laser over the spectral region of the
created spectral hole. In this way, the width and the area of the spectral hole can be mea-
sured.

Depending on the lifetime into which the atomic population has been transferred
during optical pumping, the spectral hole will decay with different decay constants. If
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the lifetime of the spectral hole is on the order of excited level lifetime, it is referred to as
a transient spectral hole. If the spectral hole is long-lived (>ms), as in the case of most
Zeeman or hyperfine or superhyperfine states, it is referred to as a persistent spectral
hole.

Figure 2.7: Experimental hole burning sequence: Frequency-selective optical pumping moves population
from |g0〉 to |e〉. It subsequently decays into |a〉. This creates a spectral hole in the desired transition. After a
waiting time, the spectral hole is read by a laser pulse that is swept in frequency over the extent of the spectral
hole (Figure is adapted from [30]).

Spectral hole burning is often used to extract the lifetimes of energy levels that are
involved in the transition. By measuring the area of the spectral hole, which is propor-
tional to the amount of atomic population absent from the ground state, the lifetimes of
the various levels that lie between the excited state and the ground state can be obtained.
In case only two levels |g0〉 and |e〉 are involved, the area of the spectral hole will decay
exponentially with time. Additional energy levels will produce a multi-exponential de-
cay. The decay times of the individual exponential functions directly correspond to the
population lifetimes of the involved energy levels. As an example, for a 3-level system as
depicted in Figure 2.7, the decay of the spectral hole area with time τ can be fit to [32]

A(τ) = e−τ/Te + β

2

Ta

Ta −Te

(
e−τ/Ta −e−τ/Te

)
(2.22)

where, Te and Ta are the lifetimes of the excited state |e〉 and auxiliary level (shelving-
level) |a〉, β is the branching ratio, i.e. the fraction of the population that decay into |a〉
from the excited state |e〉.

Moreover, it is also possible to measure the width of the spectral hole Γhol e . When,
extrapolated to zero time delay τ = 0 and minimum burning power, the measured hole
width is a convolution between the linewidth of the laser and the homogeneous linewidth
[33]. For increasing laser intensity I , the measured hole width Γhol e will increase as
Γhol e (τ) = Γhol e (τ= 0)(1+

√
1+Ω2T1T2) [34], whereΩ= M

p
I /ħ is the Rabi frequency, T1

the excited state lifetime, and T2 is the optical coherence lifetime. This so-called power
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broadening arises since, with more laser power, ions that are slightly off-resonant with
the laser can be excited and take part in the spectral hole.

Figure 2.8: Persistent spectral hole burning: a) The solid thick arrow shows the frequency of the pump laser
that is assumed to be resonant with |g1〉 → |e1〉 transition (denoted as “pump"), and the thin arrows show all
other transitions in an ensemble of atoms without inhomogeneous broadening (denoted as “probe"). Two
anti-holes are created due to the overpopulated transitions (excess of atomic population in the ground-state
sub-level |g2〉) and a side-hole is created due to the depleted transition (lack of atomic population in |g1〉). b)
Due to the inhomogeneous broadening the pump (burning) laser is simultaneously resonant with four tran-
sitions, which generates a symmetric hole-burning spectrum with respect to the central hole. Such hole and
anti-hole patterns occur only when the inhomogeneous broadening is much larger than the energy splitting
between spin sub-levels (Γi n ≫∆g ,∆e ). Note that each of the four classes of ions creates one central hole, one
side-hole, and two anti-holes similar to a). The sum of all these is indicated in the lower panel of b). The figure
is adapted from [30].

To gain more insight into persistent spectral hole burning, let us consider a simple
2×2 energy level structure with two sub-levels in the excited state multiplet and two
ground state multiplet. Let us first consider an ensemble of atoms without inhomo-
geneous broadening. As shown in Figure 2.8a, assume that the burning laser is resonant
with the |g1〉 → |e1〉 transition, and the target atoms decay into |g2〉 via |e1〉. A lack of
absorption of the |g1〉 → |e1〉 transition results in the creation of a depleted region in
the absorption line, observed as a spectral hole (the central hole). Another population-
depleted region (or a transparency) can be also seen as a side-hole in |g1〉→ |e2〉, which
is detuned by∆e from the central hole. Also, the overpopulation in the ground-state sub-
level |g2〉 leads to two regions of increased absorption, which can be seen as anti-holes,
detuned by ∆g and ∆g - ∆e with respect to the central hole, respectively. See the lower
panel of 2.8a for the hole configuration. In addition to the lifetime measurements, per-
sistent spectral hole burning therefore also allows one to measure the energy splitting for
both the ground and excited state levels. In an inhomogeneously-broadened media, the
burning laser frequency is simultaneously resonant with many more transitions, which



2.3. SPECTROSCOPIC TOOLS AND SPECTRAL TAILORING

2

33

results in a symmetric hole pattern as shown in Figure 2.8b.

2.3.2. TWO-PULSE PHOTON ECHO

echo

a)

b) c) d)

e) f)

t12 t12

Figure 2.9: A two-pulse photon echo pulse sequence is shown in a). The Bloch sphere representation of the
two-pulse photon echo is depicted from b) to f). In b), atoms are in the ground state. In c), the first π

2 pulse
moves atoms to a superposition of the ground and excited state. In d), atoms start dephasing. In e), the π pulse
is applied in order to rephase atoms. In f), complete re-phasing results in a coherent emission, a photon echo.
(Figure is adapted from [25])

The most commonly used method to quantify atomic coherence in rare-earth-ion-
doped crystals is the two-pulse photon echo (2PPE) technique. A photon echo is gen-
erated when an ensemble of atoms oscillates coherently, i.e. in-phase, and gives rise to
strong coherent radiation. A simple way to generate a photon echo is to use a two-pulse
photon echo sequence consisting of two laser pulses interacting with the medium. First,
aπ/2 pulse excites a subset of atoms into a superposition of the ground and excited state.
Initially, all the atoms will be in phase but each atom has a slightly different resonance
frequency so they will dephase. After a certain waiting time t12, a π pulse is applied
that reverts the phase angle of the atomic evolution by π. Atoms that have acquired a
negative phase difference relative to the laser will now acquire a positive phase and vice
versa. Then, after a time 2t12 from the initial π/2 pulse, atoms will again start oscillating
in phase and cause a coherent emission of the photon echo. Since the coherent phase
evolution is perturbed by many processes, such as electric field fluctuations, magnetic
field fluctuations, phonons in the environment, and spontaneous decay of population,
the intensity of the echo intensity will decay exponentially with increasing time. This
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can be fitted using the following equation

Iecho = I0 exp

{
−2

(
2t12

T2

)}
(2.23)

and the coherence time T2 can be extracted.

2.3.3. SPECTRAL DIFFUSION AND TWO-PULSE PHOTON ECHO
Spectral diffusion refers to the time-dependent random change in an ion’s transition fre-
quency. It is caused by dynamic processes in the ion’s environment such as lattice vi-
brations, two-level systems, or the flipping of neighboring spins, etc. The timescales of
those processes can be vastly different. Since all ions in the material are affected by spec-
tral diffusion, the homogeneous linewidth appears to increase over time. For example,
the width of a spectral hole seems to broaden with time since the transition frequencies
of the ions contributing to the hole are perturbed by spectral diffusion.

Because processes contributing to spectral diffusion occur at different rates, spectral
diffusion can perturb the phases of ions in a superposition in a time-dependent way.
This effect manifests itself in two-pulse echo decays as a non-exponential shape. In the
presence of spectral diffusion, the two-pulse photon echo decays are usually fitted using
a generalized version of Equation 2.3.2, also known as Mims decay [35]:

Iecho = I0 exp

{
−2

(
2t12

TM

)m}
(2.24)

Here, TM is called the effective phase memory time of the system, i.e. the time over
which the intensity decays to 1/e2 of its initial intensity, and m is called the Mims expo-
nent that describes the non-exponential decay caused by spectral diffusion.

2.3.4. THREE-PULSE PHOTON ECHO
Since spectral diffusion occurs over timescales that are much longer than optical co-
herence time T2, it cannot be measured using a 2PPE. We, therefore, need to modify the
sequence of pulses. The so-called 3PPE technique is very similar to that discussed above,
however, the π pulse is now split into two π/2 pulses.

In 3PPE, three optical π/2 pulses are used. The first two pulses that are separated by
t12 in time create a population grating (a spectrally periodic structure) in the ground and
excited state, and the third pulse, after a wait time t23, probes the grating and stimulates
a coherent emission, after a time t12. This is because the third pulse transfers the pop-
ulation difference back into a superposition, which then rephases and causes a photon
echo to be emitted. The 3PPE pulse sequence and the phase evolution of ions on the
Bloch sphere are illustrated in Fig. 2.10. The 3PEE technique provides access to spectral
diffusion at long time scales.

In the presence of spectral diffusion, the three-pulse photon echo intensity decay
function is given by

I (t12, t23) = I0 exp

{
−2t23

T1

}
exp{−4t12πΓeff (t12, t23)} (2.25)
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echo

a)

b) c) d)

e) g)

h) i) j)

f)

t12 t12t23

Figure 2.10: A three-pulse photon echo pulse sequence is shown in a). The Bloch sphere representation of the
three-pulse photon echo is depicted from b) to j). In b), atoms are in the ground state. In c), the first π

2 pulse
moves atoms to a superposition of ground and excited state. In d), atoms start dephasing. In e), atoms are
dephased. In f), the second π

2 pulse is applied to move the atoms to the ground and excited state depending
on their frequency detunings and hence phase. In g), a population grating is created in the ground and excited
states. In h), the third π

2 pulse is applied to stimulate the re-emission. In i), atoms are rephasing. In j), the
complete rephasing leads to the emission of a photon echo. (Figure is adapted from [25])

where the first factor exp(-2t23/T1) describes the population decay during t23 and the
second factor exp(-4 t12πΓeff) describes the effect of decoherence during the t12. Γeff is
the time-dependent “effective” homogeneous linewidth. The functional form of Γeff is
written as [15, 36]

Γeff (t12, t23) = Γ0 + 1

2
ΓSD

[
Rt12 +

{
1−exp(−Rt23)

}]
(2.26)

where Γ0 is the homogeneous linewidth in the absence of spectral diffusion, ΓSD is the
FWHM of the maximum broadening of the optical transition linewidth, and R is the
rate of the spectral diffusion. A detailed description of 2PPE and 3PPE, performed in
a thulium-doped crystal is discussed in the subsequent chapter.

Because of the inherent properties of the two-pulse photon echo technique, it is suit-
able for classical light storage. But two- and three-pulse photon echo protocols are not
appropriate for quantum memory due to spontaneous emission produced by excited-



2

36 2. RARE EARTHS FOR QUANTUM REPEATERS

level population decay that decreases the fidelity of the quantum information encoded
into the emitted photon [37, 38]. The atomic frequency comb quantum memory proto-
col (employed in this thesis) [39, 40] is a way to achieve the storage and re-emission of
individual photons without the addition of noise.

2.3.5. THE ATOMIC FREQUENCY COMB (AFC) QUANTUM MEMORY PROTO-
COL

To create a quantum memory for light, numerous protocols such as electromagnetically-
induced transparency (EIT), off-resonant Raman, and controlled reversible inhomoge-
neous broadening (CRIB)-based protocols and various physical media such as single
atoms, warm and cold atomic vapors, or solid-state atomic ensembles have been con-
sidered, as reviewed in [14, 41] and [25, 30]. The atomic ensemble-based approaches
for quantum memory can be categorized into two schemes: optically controlled quan-
tum memory and engineered absorption-based quantum memory. We consider the
two-level atomic frequency comb (AFC) quantum memory protocol, which belongs to
engineered absorption-based quantum memory. The AFC protocol was first proposed
for quantum state storage and experimentally demonstrated by Afzelius et al. [39] in
2008. As the name suggests, an AFC is a periodic comb-like structure in the frequency
domain that can be prepared by optically pumping the atomic population to a shelving
level in a frequency-selective way, a process known as spectral tailoring. The protocol
takes advantage of the inhomogeneously broadened optical transition and inherently
allows multiplexed storage. Rare-earth-doped crystals are suitable media for AFC since
they have a naturally broadened absorption line. The working principle of an AFC-based
quantum memory is inspired by the conventional stimulated/accumulated photon echo
technique where the spontaneous emission from the excited state is excluded. This par-
ticular protocol is very well suited for our frequency multiplexed quantum repeater ar-
chitecture since the AFC protocol is intrinsically multimode in nature and its multimode
capacity is independent of the overall optical depth of the storage medium. The inter-
action between an incoming photon and the AFC leads to absorption followed by a re-
emission after a pre-defined storage time, which will be described below.

Initially, all atoms are assumed to be in the ground state (lowest crystal field level),
which can be fulfilled by cooling down the atomic ensemble. The atoms are then pumped
to a long-lived shelving level by means of frequency selective optical pumping to create a
comb-like periodic structure in the frequency domain, described in Figure 2.12a. Before
a single photon is absorbed, the joint state of the photon-atomic ensemble system can
be represented as follows:

|1〉ph ⊗ ∣∣g1, g2, . . . , g j , . . . , gN
〉

a (2.27)

where the first term represents a single photon state and the second term represents
the atomic state with all N atoms forming the atomic ensemble. When a single photon is
absorbed by the AFC with peaks of width γ that are separated by∆, a collective excitation
is generated amongst all the atoms which can be written as a superposition of all possible
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Figure 2.11: (a) The red Gaussian envelope represents the incoming signal photon’s spectral width, which is
absorbed by the AFC structure of width Γ. γ corresponds to the linewidth of each AFC tooth, and ∆ is the peak
spacing. The figure is reproduced from [25] (b) AFC of 1 MHz bandwidth tailored for 5 µs storage time. The
calculated efficiency is approximately 1%.

states in which one atom is excited. The resulting state can be described by a Dicke state:

|0〉ph ⊗
(
|Ψ(t )〉 = 1p

N

N∑
j=1

C j e−i 2πδ j t e i kz j
∣∣g1, g2, . . . ,e j , . . . , gN

〉)
a

(2.28)

where |e j 〉 represents the j th atom being in the excited state, δ j is the detuning of the
atomic transition frequency with respect to the central frequency of the absorbed pho-
ton, z j is the position index of the atomic system measured along the propagation direc-
tion of the light, k the wave-vector, C j the absorption probability amplitude of the j th
atom that depends on resonance frequency and position, and t is the elapsed time af-
ter the photon is absorbed. We assume that the absorbed photon’s bandwidth is greater
than the peak spacing ∆ but less than the overall width of the frequency comb. Next,
the collective excitation rapidly dephases since each atom has a different transition fre-
quency or detuning δ j . Re-emission of the absorbed photon occurs automatically at a
time given by t = 1/∆ due to re-phasing of the atomic excitation. This is due to the par-
ticularly shaped absorption structure, namely the periodicity of the comb which guar-
antees that δ j = m∆ where m is an integer, and hence for t = 1/∆, 2πδ j t = 2πm. This
collective re-phasing results in a coherent re-emission, expressed by

|0〉ph ⊗
(
|Ψ(t )〉 = 1p

N

N∑
j=1

C j e−i 2πm∆t e i kz j
∣∣g1, g2, . . . ,e j , . . . , gN

〉)
t= 1

∆−→ |1〉ph ⊗ ∣∣g1, g2, . . . , g j , . . . , gN
〉

a

(2.29)

Thus, the storage time t = 1/∆ is pre-programmed before absorption and does not al-
low on-demand retrieval. Since in our approach photons are encoded into different
frequency modes, this allows AFCs with fixed storage times to be utilized in frequency
multiplexed quantum repeaters. The storage time can further be increased by transfer-
ring the optical AFC excitation to a spin-excitation by means of an additional control
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pulse and read out on-demand by a second transfer pulse. This is known as the spin-
wave AFC protocol [40], which is described in Figure 2.12. The storage time in this case
is t = 1/∆+ (t2 − t1), where at time t1 a π pulse maps the optical coherence onto the
spin transition and at time t2, another π pulse the spin-coherence back to the optical
transition.
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Figure 2.12: a) Energy level structure for the AFC quantum memory protocol. b) Time sequence of storage and
retrieval in the spin-wave AFC protocol. c) Energy level structure used for the two-level AFC protocol. d) Time
sequence of storage and retrieval process in the AFC protocol. The figure is reproduced from [25].

To obtain longer storage times indicates preparing AFCs with more closely spaced
peaks and narrowing the width of each tooth accordingly in order to keep the efficiency
the same. However, in practice, there is a limit. AFC storage is fundamentally limited by
the optical coherence time, which sets the upper bound for the storage time in a given
material and transition. For a given coherence time, the limit in storage time is deter-
mined by the closest separation between comb teeth ∆. In the AFC spin-wave protocol,
the spin transition is less sensitive to external/environmental perturbations and features
longer population and coherence times than the optical transitions. The storage time, in
this case, is limited by the spin coherence time of the involved long-lived spin-states.

The forward re-emission efficiency of an AFC with a pre-programmed storage time
featuring gaussian-shaped teeth is given by

η=
(

d1

F

)2

e−
d1
F e

−7
F 2 e−d0 (2.30)

where d1 is the optical depth of the comb teeth, d0 is the background or residual op-
tical depth, and F = ∆/γ is the comb finesse, where γ is the linewidth of each tooth.
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The first term in this expression describes the collective re-emission probability. Higher
d1 means more atoms participate in the collective re-emission process, resulting in higher
retrieval probability. On the other hand, increasing the finesse F for a given d1 reduces
this retrieval probability because of larger spacing in the AFC, which effectively decreases
the optical depth by creating a larger transmission window. The second term describes
the probability of the re-absorption of the re-emitted photon. The third term represents
intrinsic dephasing due to the finite linewidth of each AFC tooth. The higher the finesse,
the narrower the spectral peaks, and in turn, the more valid the assumption of δ j = m∆.
Since the re-emitted photon can be re-absorbed, the maximum achievable retrieval effi-
ciency in the forward direction is limited to 54% [42, 43]. A 100% retrieval efficiency can
be achieved if the photon is recalled in the backward direction or the crystal is embed-
ded in an impedance-matched optical cavity [44]. The last term in Eq.2.30 represents
irreversible or background absorption due to the non-zero absorption formed by non-
participating atoms in the collective re-emission. Since all the terms except the last, are
coupled a thorough optimization is required to determine the experimentally accessible
AFC parameters that give the best efficiency. Note that, the efficiency bound above does
not explicitly account for decoherence. We also need to keep in mind that the minimum
AFC tooth width is given by twice the homogeneous linewidth i.e γ = 2Γh , in the limit
of low optical depth and low optical power. So taking optical coherence time T2 into ac-
count, if we express the efficiency ηAFC as a function of the storage time t = 1/∆ and AFC
tooth width γ, there would be a decay of AFC efficiency given by

ηAFC = ηAFC(0)e−
γ
∆ = ηAFC(0)e−

2Γh
∆ = ηAFC(0)e

− 4
T2∆ (2.31)

where we used the definition of the optical coherence time T2, Γh = 2
T2

, and the unit
of ∆ is defined in Hz, while Γh is defined in rad/s. Hence, the time it takes for the AFC
efficiency to decrease by 1/e is given by TM = T2/4.

2.4. CHOOSING THULIUM IONS IN GARNET MATERIALS
There can be many host-dopant combinations but depending on the application, dif-
ferent properties of a particular ion host combination become important. For exam-
ple, erbium dopants have the unique property of a coherent optical telecom wavelength
transition at around 1.5 µm. At this wavelength, optical attenuation in standard silica
fibers is minimized. Hence, erbium-based lasers, amplifiers, modulators as well as op-
tical memory and a variety of fiber-coupled technologies can be integrated easily with
the current fiber-optic communication infrastructure that operates in the telecom band
[25]. Similarly, ytterbium dopants are interesting for transduction because of their many
ground and excited states hyperfine levels with frequency splittings that can be tuned to
match the driving frequency of superconducting qubits [45].

The host crystal is almost as important as the dopant ions. While the transition fre-
quency of a particular dopant ion changes only slightly from host to host, the coherence
properties can vary drastically due to different noise environments in different crystals.
For example, different symmetries of different crystalline sites play an important role in
determining the coherence dynamics of the dopant ion. Examples are the absence of a
first-order Stark shift due to a vanishing permanent electric dipole moment in an inver-
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Figure 2.13: Simulated primitive cell of a garnet crystal. Three constituents make up the garnet structure,
yttrium pictured in cyan, oxygen pictured in red, and a third species that may include Al, Ga, Fe, etc. shown
in brown. The yttrium, or its substitutes, and the additional species bond only to surrounding oxygen in the
structure. Image used with permission from the materials projects [49, 50].

sion symmetric crystal can make rare-earth transitions more robust to slowly fluctuating
electric fields. Such symmetry exists for instance in yttrium orthovanadate (YVO4) crys-
tals [45, 46]. Some hosts such as yttrium oxyorthosilicate (YSO) have less abundance
of magnetic spins in the crystalline environment, leaving the magnetic dynamics fairly
weak when doped with any rare-earth ions [47]. Other crystals like yttrium aluminum
garnet (YAG) are interesting because of its thermal properties [48], or lithium niobate
LiNbO3 because of its electro-optical and acousto-optical tuning capabilities.

In this thesis, we focus on thulium ions doped into a garnet material - yttrium gallium
garnet (YGG) to make long-lived and efficient multimode photonic quantum memories,
particularly memories for frequency multiplexed quantum repeaters. The garnet has a
cubic crystal structure which is pictured in figure 2.13, where Tm3+ substitutes yttrium
ions in the lattice without charge compensation. Our selection of Tm3+:YGG can be jus-
tified with a few desirable properties of this ion and host combination:

1. Tm3+ is a non-Kramers ion, making it less susceptible to magnetic noise.

2. The optical transition of Tm3+ ions is close to 795nm wavelength, which can be
easily addressed with commercially available diode lasers.

3. Since the host YGG crystal is an isotropic material, there is no preferred axis for
light propagation, which allows us to a select subset of Tm ions from potentially
useful crystal site orientation.

4. The optical manipulation of populations is quite straightforward in thulium be-
cause of its simple three energy levels consisting of an excited state 3H4, a bottle-
neck level 3F4, and a ground state 3H6.

5. Due to the nuclear spin of 1/2 of 169Tm, it has no additional hyperfine levels, leav-
ing only a pair of degenerate Zeeman sub-levels at zero magnetic field. In the pres-
ence of an applied magnetic field, both the ground state and excited state split into
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a pair of spin states with a frequency splitting on the order of 10s-100s MHz/T with
hundred seconds long lifetimes. This allows efficient optical pumping for creating
persistent spectral features in the material.

6. The 1.2ms long optical coherence time T2 together with a nearly 55 GHz wide ab-
sorption profile make Tm3+:YGG a highly desirable candidate for creating a highly-
multimode long-lived optical quantum memory.

In the next chapter we will dive into more spectroscopic investigations of Tm:YGG.
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OPTICAL COHERENCE AND

RELAXATION DYNAMICS IN A

THULIUM-DOPED YTTRIUM

GALLIUM GARNET CRYSTAL AT

SUB-KELVIN TEMPERATURES FOR

QUANTUM MEMORY APPLICATIONS

Antariksha Das, Mohsen Falamarzi Askarani, Jacob H. Davidson, Neil Sinclair, Joshua A. Slater,
Sara Marzban, Charles W. Thiel, Rufus L. Cone, Daniel Oblak, and Wolfgang Tittel

Rare-earth ion-doped crystals with a long optical coherence time are of great interest to
serve as multimode, long-lived quantum memories for spectrally multiplexed quantum
repeaters. Towards this end, spectroscopic investigations on a yttrium gallium garnet
(YGG) crystal, doped with 1% Tm3+ and cooled to 500 mK, are presented. In the presence
of a magnetic field of a few hundred Gauss, this crystal offers an optical coherence lifetime
exceeding one millisecond and a ground-state Zeeman level lifetime as long as tens of sec-
onds. By taking advantage of these two unique spectroscopic properties we implement a
persistent atomic frequency comb (AFC) quantum memory protocol to demonstrate mul-
tiplexed storage of classical laser pulses in the temporal and spectral domains. Further-
more, we characterize the temporal evolution of spectral holes at different magnetic fields

Parts of this chapter will be submitted to Optical Materials Express.
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in the context of long-term spectral diffusion, which is crucial in order to build an effi-
cient long-lived quantum memory. Our results establish a promising photonic quantum
memory platform for quantum communication with rare earth ions.

3.1. PREAMBLE

In this chapter, spectroscopic characterization and coherence properties of the 3H6 ↔
3H4 transition at 795.325 nm of 1% Tm3+:Y3Ga5O12 (Tm:YGG) is studied at temperatures
as low as 500 mK. The magnetic field dependence of the optical coherence lifetime and
spectral diffusion is measured. Photon echo excitation and spectral hole burning meth-
ods have been used to fully characterize the material properties. Our result show that
optical coherence time exceeding one millisecond and a ground-state Zeeman level life-
time as long as tens of seconds can be obtained in this crystal in the presence of a mag-
netic field of a few hundred Gauss. Overall, we find that Tm:YGG can be a promising
candidate for applications that rely on long coherence times, such as optical quantum
memories and photonic signal processing.

3.2. INTRODUCTION

R ARE-earth-ion-doped crystals (REIC) [1–4] have been identified as promising candi-
dates for quantum memory applications [5] in a series of recent demonstrations, in-

cluding storage of quantum states with long storage times [6, 7], high efficiencies [8–11],
high multimode capacity [12–14] and entanglement storage [15, 16] etc. The frequency
multiplexed quantum repeater architecture proposed by Sinclair et al. [17] offers a sim-
ple and novel objective towards satisfying the stringent criteria to achieve a higher rate of
entanglement distribution; it demands a frequency multiplexed optical quantum mem-
ory with a few hundred microseconds of storage time [18]. Quantum memories have al-
ready been realized using various physical systems such as hot and cold atomic vapor [9–
11, 19–21], single-trapped atoms, diamond colour centres [22–26], rare earth-ion-doped
solids [2–4], to name a few. In particular, the interest in using rare earth-doped solids for
quantum memories is due to the long coherence times [7, 18, 27, 28] observed for both
optical and spin transitions. Understanding the spectroscopic properties and decoher-
ence dynamics in a cryogenically-cooled environment is of fundamental interest and a
prerequisite for applications of these materials for quantum memories.

Thulium-doped crystals [29–31] are desirable candidates for spectrally-multiplexed
quantum memories with fixed storage time, an approach to storage that hinges on the
two-level atomic frequency comb (AFC) protocol [32, 33]. These crystals possess the sim-
plest energy level structure that allows for spectral tailoring as needed to create AFCs:
Both the ground and excited states split under the application of a magnetic field into
two long-lived Zeeman levels, which allows persistent spectral hole burning [34]. Fur-
thermore, the optical coherence time, which determines the maximum storage time, is
generally long, e.g. 105µs in Tm:YAG [35].

In this work, we investigate the spectroscopic properties of a 1% thulium-doped yt-
terbium gallium garnet (Tm3+:Y3Ga5O12) crystal at temperatures as low as 500 mK. We
measure the optical coherence time and the lifetime of all energy levels of Tm3+ that
are relevant for the AFC protocol by means of two-pulse photon echo (2PPE) and time-
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resolved spectral hole burning (SHB) techniques. We find a sub-kHz wide homogeneous
linewidth - the third narrowest reported for any optical transition after Erbium and Eu-
ropium [27, 28] as well as Zeeman levels within the electronic ground state with up to
300 sec lifetime. Furthermore, We observe and model the magnetic field-dependent
broadening of spectral holes which is explained qualitatively in the context of spectral
diffusion. Despite this behavior, the exceptional homogeneous linewidth together with
a 55 GHz broad absorption profile [31] and long-lived atomic levels, makes Tm:YGG a
promising candidate for multimode quantum memories that enable spectrally multi-
plexed quantum repeaters.

Our paper is organized as follows: The first two sections, Section 2 and Section 3, are
devoted to discussing the properties of the Tm3+:YGG crystal used in our experiment and
the description of the experimental setup. In Section 4, the results of the Zeeman-level
lifetimes and the measurements of optical coherence are presented. Then, we study
spectral diffusion in the presence of magnetic fields for different timescales. Towards
this end, the results of three-pulse photon echo experiments and spectral hole burn-
ing measurements are presented and plausible underlying decoherence mechanisms are
proposed and discussed. in Section 6, we demonstrate microsecond long storage of 10
subsequent laser pulses and simultaneous storage of 3 different spectral modes using
the AFC echo scheme. We terminate the paper with a conclusion and outlook.

3.3. TM:YGG MATERIAL PROPERTIES
For our measurements, we use a 25 mm × 5 mm × 5 mm (a × b × c) single crystal of
1% Tm3+:Y3Ga5O12 from Scientific Materials Corp (Bozeman, MT). Y3Ga5O12 (YGG) is
a cubic crystal in which all naturally occurring isotopes of the host ions Y and Ga fea-
ture nuclear spin: I = 1

2 for 89Y and I = 3
2 for 69Ga and 71Ga. Tm3+ ions substitute for Y3+

without charge compensation in six crystallographically equivalent but orientationally
inequivalent sites of D2 point symmetry. The transition between the lowest Stark levels
of the electronic ground state 3H6 and optically excited state 3H4 occurs at a wavelength
of 795.325 nm in vacuum. A simplified energy-level diagram of Tm3+:Y3Ga5O12 is shown
in the inset of Fig. 5.2. Tm3+ is a non-Kramers ion with 12 electrons in 4f orbitals, the en-
ergy levels are electronic singlets and the angular momentum is quenched by the crystal
field, resulting in no first-order hyperfine interaction. Due to the I= 1

2 nuclear spin of
Tm3+, quadrupole, and second-order magnetic hyperfine interactions vanish in the ab-
sence of a magnetic field. When an external magnetic field is applied, nuclear Zeeman
and electronic Zeeman interactions combine with a second-order hyperfine interaction
to split the ground and excited states into a pair (mI = ± 1

2 ) of sublevels. We refer to
these levels as Zeeman sublevels but the splitting mechanism includes all interactions
mentioned above. The Zeeman sublevel structure is hidden inside the ∼ 56 GHz inho-
mogeneously broadened line of the 3H6↔3H4 transition.

3.4. EXPERIMENTAL DETAILS
A schematic of our setup is schematically presented in Fig.3.1. For our measurements
the crystal is mounted on the coldest stage of the adiabatic demagnetization refrigera-
tion (ADR)-based cryostat, providing a temperature below 600 mK. The light propagates
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Figure 3.1: A schematic diagram of the experimental setup: AFG: arbitrary function generator; RF Synth: ra-
dio frequency synthesizer; AOM: acousto-optic modulator; AWG: arbitrary waveform generator; PM: phase
modulator; EOM: electro-optic modulator; PD: photo detector; CCD: charge-coupled device camera; B: Mag-
netic field. Inset: Simplified energy level diagram of the 3H6 → 3H4 optical transition of Tm3+ in Y3Ga5O12
crystal. Only the lowest crystal field levels of each electronic manifold are shown.

along the 25 mm-long < 110 > axis of the crystal and its polarization is linear at the crys-
tal input, orthogonal to the < 111 >-direction. The polarization evolves inside the crystal
due to birefringence stemming from imperfect crystal growth. A magnetic field is ap-
plied parallel to the < 111 >-direction using a superconducting solenoid. The magnetic
field strength is detected using a Hall sensor mounted directly above the crystal.

The optical pulse sequence for our measurements is obtained from a continuous-
wave external-cavity Toptica DLPro tunable diode laser emitting at 795.32 nm (vacuum)
to address the 3H6 → 3H4 transition of Tm3+ ions in the crystal. A programmable pulse-
Blaster controls the timing sequence. The light is gated and shaped with a single-pass
free-space acoustic-optic modulator (AOM). The 1st order diffracted light beam from the
AOM is sent through a series of optical components (waveplates and polarizing beam-
splitter) and a phase modulator (PM) where the frequency of the light is shifted through
a serrodying signal created by an arbitrary waveform generator (AWG). Optical trans-
mission through the crystal is detected using an amplified silicon photodetector and a
digital oscilloscope.

A small fraction of the light from the diode laser is used to frequency lock the laser
to a high finesse cavity using the Pound-Drever-Hall method [36]. For good stability, the
frequency stabilization setup is kept on a separate optical breadboard and isolated from
the main optical setup. After passing through an electro-optic modulator (EOM)—for
the creation of frequency sidebands—, the light beam is sent through a series of opti-
cal components for proper coupling into the temperature-stabilized high finesse optical
cavity which is kept under vacuum. The reflected signal is measured with a photodiode,
creating a feedback loop via a PID controller to suppress laser frequency fluctuations.
This allows us to obtain a narrow laser linewidth of a few tens of kilohertz.
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3.5. SPECTROSCOPIC RESULTS

3.5.1. SPECTRAL HOLE BURNING MEASUREMENTS
In order to determine the lifetime of different energy levels and Zeeman sub-levels of
Tm3+:YGG, we employ a widely-used spectroscopic technique known as time-resolved
spectral hole burning (SHB). We set up a hole-burning sequence composed of following
steps: first, the ions in the crystal are optically pumped from the ground to the excited
state with a 50 ms-long monochromatic laser pulse. After a waiting time that varies be-
tween a few tens of microseconds to a few hundreds of milliseconds, the hole is read out
with an attenuated 8 ms long pulse, frequency chirped over 2 MHz. By measuring the
area of the spectral hole with varying waiting times, the lifetimes of the various levels
that lie between the excited state and the ground state can be extracted. An example
of a decay curve is shown in Fig.3.2a. Fitting this spectral hole decay using a double-
exponential decay reveals the 3H4 excited state lifetime T1 ≈ 2 ms and the 3F4 bottleneck
level lifetime Tb ≈ 55 ms, which is in accordance with previous results [30].
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Figure 3.2: Lifetime measurements: (a) An example of a transient spectral hole decay which is used to extract
the 3H4 excited state level lifetime and 3F4 bottleneck level lifetime. (b) and (c) show the short decay compo-
nent and long decay component of the Zeeman-level lifetime, respectively.

Next, to measure the ground state 3H6 Zeeman sublevel lifetime, a magnetic field
is applied along the < 111 > axis of the crystal with the sample at a temperature of T =
500 mK. Again, by measuring the persistent spectral hole decay as a function of waiting
time in presence of a magnetic field, varying from a few hundreds of Gauss to a few thou-
sand of Gauss, we obtain the ground state Zeeman level lifetime as a function of different
magnetic field strength, which is shown in Fig.3.2. Due to the D2 point symmetry of the
Tm3+ site in YGG lattice, there are six subgroups of magnetically inequivalent Tm3+ ions
that have different local site orientations. By choosing the propagation direction and
optical polarization, different subgroups of ions can be selectively addressed. For our
experiment the optical polarization is linear and perpendicular to the < 110 > propaga-
tion direction. In presence of the magnetic field only half of the Tm3+ ions among six
subgroups of magnetically inequivalent Tm3+ ions interact with the optical field. Thus,
we observe two different sets of Zeeman level lifetimes associated with two different de-
cays due to two magnetically inequivalent subgroups of Tm3+ ions [30] as indicated in
Fig.3.2b. and Fig.3.2c. respectively. The persistence of Zeeman sublevels allow us to cre-
ate long-lived spectral holes, which, in turn, allow us to tailor the absorption profile of
the crystal to prepare persistent atomic frequency combs (AFC) [32], one of the popular
and well-known quantum memory protocol used to store single photons.
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3.5.2. OPTICAL COHERENCE TIME MEASUREMENTS
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Figure 3.3: Optical coherence time measurements: Optical coherence time T2 as a function of magnetic field
strength.

To study the optical coherence properties in Tm3+:YGG, we employ two-pulse pho-
ton echo (2PPE) spectroscopy. In a 2PPE sequence, two excitation pulses, separated by
a waiting time t12 are sent into an inhomogeneously broadened ensemble of resonant
Tm3+ ions. They prepare a coherent superposition of the ground and excited electronic
states. This gives rise to a coherent burst of radiation, or photon echo, at time t12 after
the second pulse. The variation of the echo intensity as a function of t12 can be written
as:

I (t12) = I0e−4πΓh t12 (3.1)

where I0 is the initial echo intensity at t12=0 andΓh is the homogeneous linewidth, which
is inversely proportional to the coherence time T2 :

Γh = 1

πT2
(3.2)

In order to extract the effective homogeneous linewidth as a function of the magnetic
field, we vary the magnetic field from 100 G to 1 kG and measure two-pulse photon echo
decays at a temperature of 500 mK and a wavelength of 795.32 nm. We fit all measured
photon echo decays using the exponential decay function described in Eq.3.1.

The magnetic field dependence of the coherence time T2 and of the homogeneous
linewidth Γh is presented in Fig.3.3. It captures the dominant magnetic field-dependent
decoherence processes [29] that limit the performance of the crystal as a quantum mem-
ory. We find that the introduction of a few hundred Gauss magnetic fields improves the
coherence time T2 from a zero-field value of 550 µs to a maximum of around 1.1 ms cor-
responding to a minimum homogeneous linewidth Γh of around 0.26 kHz at around 200
G [18]. After that, the measured coherence time T2 decreases and remains almost steady
up to 1 Tesla.
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3.6. SPECTRAL DIFFUSION
Spectral diffusion results in a broadening of the homogeneous linewidth Γh as a function
of time because each Tm3+ ion experiences a slightly-different dynamic crystalline envi-
ronment. Spectral diffusion is expected due to the presence of gallium and yttrium, both
of which feature nuclear spins, in the Y3Ga5O12 lattice. These spins may couple to the
Tm3+ ions. The application of a magnetic field generally allows alleviating the impact of
spectral diffusion by inducing spin polarization, thus reducing the number of spin flips,
and also by increasing the Zeeman-level energy-splitting beyond the phonon energy [1,
37]. Two well-known physical mechanisms that can be accountable for such reduction
are spin flips either driven by phonons (spin-lattice relaxation) [38, 39] or spin-spin re-
laxation through magnetic dipole-dipole interaction [37] that cause pairs of anti-parallel
spins to flip simultaneously (spin flip-flops). These correlated spin flips can randomize
local spin orientations. The fluctuating magnetic fields within the host YGG crystal can
be due to the dynamic interactions between host nuclear spins or paramagnetic impuri-
ties. This also suggests more complicated ion-ion coupling or spin-spin interactions [37,
40] that go beyond the work presented here.

3.6.1. THREE-PULSE PHOTON ECHO (3PPE) MEASUREMENTS
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Figure 3.4: 3PPE measurements: Effective homogeneous linewidth (or the inverse of effective coherence time)
as a function of time delay t23 at 500 mK temperature for an applied magnetic field (a) 200 G and (b) 500 G.
The solid line represents the fit of the data. In the inset, the three-pulse photon echo sequence is shown for
delay t12 between the 1st and the 2nd pulse and t23 between the 2nd and the 3rd pulse.

The effective homogeneous linewidth and the time evolution of spectral diffusion-
induced decoherence mechanisms can be extracted from three-pulse photon echo mea-
surements. In a 3PPE sequence, the first two excitation pulses, separated by a waiting
time t12 are sent into an inhomogeneously broadened ensemble of absorbers to create a
frequency-dependent periodic modulation of the population in the ground and excited
state levels. Then after a time delay t23, a third pulse is applied that causes the atoms
to rephase, which gives rise to the emission of an echo at time t23 after the third pulse.
To investigate spectral diffusion of Tm3+ ions at timescales up to 100 ms, we performed
3PPE measurements at a temperature T = 500 mK and a magnetic field of a few hundreds
of Gauss. For our measurements, the separation time t12 between the first two pulses is
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held constant at 60 µs, and the echo intensity is measured as a function of time delay
t23 between the second and third pulse, with t23 varying between 100 µs and 100 ms. To
analyze the 3PPE echo decays, we use the generalized formula proposed by Bottger et al.
[37]:

I (t12, t23) = I0e−2t23/T1 e−4πt12Γeff(t23) (3.3)

where T1 is the excited state lifetime and Γeff(t23) is the time-dependent “effective" ho-
mogeneous linewidth. It captures the information about all diffusion processes that
are influencing the rare-earth spins caused by magnetic dipole–dipole interactions. The
functional form of Γeff(t23) is given by

Γeff(t23) = Γ0 +γT LS log(
t23

t0
)+ 1

2
ΓSD (1−e−RSD t23 ) (3.4)

Where Γ0 is the homogeneous linewidth at the minimum measurement timescale t0

which is 160 µs for our experiment. ΓSD is the maximum broadening of the homoge-
neous linewidth (or spectral diffusion linewidth) and RSD describes the characteristic
diffusion rate of linewidth broadening. The values of these parameters are determined
by the details of the diffusion mechanisms [31]. Here we also consider spectral diffu-
sion due to the thermally activated low-energy dynamic structural fluctuations, often
described as two-level systems (TLS) [41, 42]. In Eq.3.4 γT LS is the TLS mode coupling
coefficient.

To characterize the effects of spectral diffusion, we fit the echo decays using Eq.3.3
and extract the effective homogeneous linewidth. The measured variation of effective
homogeneous linewidth is plotted as a function of the time-delay t23 at T = 500 mK, in
presence of 200 G and 500 G magnetic field, which are shown in Fig.3.4. Fitting each
curve to Eq. 3.4 as shown by the solid line indicates a homogeneous linewidth Γ0 of a
few hundred Hz and the spectral diffusion broadening saturates to a maximum value of
a few kHz. Based on the magnitude of the spectral diffusion parameters, ΓSD and RSD

(inset of Fig. 3.4), it is very likely that the dominant source of spectral diffusion stems
from nuclear spin flips of neighboring gallium in the host lattice. We also find that the
contribution of low-energy TLS modes on linewidth broadening is not very pronounced
at this temperature. We find little magnetic field dependence of spectral diffusion pa-
rameters in this temporal regime.

More precisely, we burn spectral holes at higher magnetic fields of 1 kG - 6 kG and let
them evolve over time. The long-lived Zemman-level lifetimes at these fields allow us to
probe the spectral hole for hundreds of seconds.

3.6.2. LONG-TERM SPECTRAL DIFFUSION: MAGNETIC FIELD-DEPENDENT

SPECTRAL HOLE BROADENING
In the presence of a magnetic field, spectral diffusion is known to occur over timescales
on the order of Zeeman-level lifetimes, which, in our crystal, are many seconds. this
is much longer than the maximum three-pulse photon echo measurement timescales.
Since many optical signal processing applications rely on spectral features being cre-
ated and probed over long timescales [1, 3], we investigate spectral diffusion on such
timescales.
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Figure 3.5: Spectral diffusion: (a) Spectral hole widths as a function of time at 500 mK temperature where
the applied magnetic field is changed gradually from 1 kG - 6 kG. The solid line represents the fitted spectral
hole width at different magnetic fields. (b) The variation of the extracted spectral diffusion linewidth ΓSD
as a function of the magnetic field strength. (c) The variation of the extracted relaxation rate of linewidth
broadening RSD as a function of the magnetic field strength.

To probe spectral diffusion on timescales longer than the characteristic timescales of
two-pulse and three-pulse photon echo measurements, we apply a kilo-gauss magnetic
field and perform spectral hole burning at a temperature of 600 mK. The burning dura-
tion and the waiting time are adjusted to guarantee that the atomic population decays
into the desired Zeeman level. Once the hole burning is completed, the spectral hole
is read out by a weak probe pulse. Then, we determine the hole widths for a series of
different magnetic field strengths from 1 kG to 6 kG. We observe that the spectral hole
broadens as a function of time as shown in Fig.3.5a. Since the spectral hole width is pro-
portional to the homogeneous linewidth (assuming no power broadening, Γspectral-hole =
2 Γhomo), the observed behavior can be described by [37]

Γspectral-hole(t ) ∝ Γo + 1

2
ΓSD (1−e−RSD t ) (3.5)

We find that the spectral diffusion linewidth ΓSD increases gradually from 36 kHz to
105 kHz as the applied magnetic field strength is increased from 1 kG to 6 kG, as shown in
Fig.3.5b. We furthermore note that the broadening occurs at an approximately constant
rate of 0.01 Hz for different magnetic fields, as indicated in Fig.3.5c. At these time scales,
magnetic fields, and temperature, the relaxation rate RSD is much slower than the 3PPE
relaxation rate as expected.

The functional dependence of ΓSD on the applied magnetic field can be written as
[37],

ΓSD (B ,T ) = Γmax sech2(gµbB/2kB T ) (3.6)

Here, g indicates the g-factor of spins present in the crystal lattice environment, µB is
the Bohr magneton, B is the external magnetic field, kB is the Boltzmann constant, T in-
dicates the temperature, and Γmax is the FWHM of the maximum frequency broadening
of the optical transition resulting from the magnetic dipole-dipole interactions.

In Tm3+:YGG, the g-factors of thulium, gallium, and yttrium spins are quite small
and the ratio of the thermal distribution of atomic population in Zeeman sublevels re-
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mains nearly constant for the temperatures and the magnetic fields used in this work.
So the hyperbolic secant term on the R.H.S of the Eq.3.6 is effectively constant. Hence,
the spectral diffusion will depend on the magnitude of the created magnetic dipole mo-
ment of the Tm3+ ions induced by the external magnetic field which is proportional to
Γmax (B). Below, we list the possible underlying physical processes that lead to variations
of the magnetic field at the Tm3+ ion locations:

• Ion-ion coupling: Spectral diffusion due to ion-ion interaction can play a role in
the observed linewidth, broadening. The low Tm3+ ion concentration of 1% in
this YGG crystal signifies that the average distance between thulium ions (Tm3+-
Tm3+ interactions) is unlikely to cause broadening of the observed magnitude but
a long-range quadrupole-quadrupole interaction between Tm3+ ions may cause
this to happen [43–45].

• Phonon-induced spin-flips: As the magnetic field increases, the phonon density of
states increases quadratically, leading to an increase in the probability of interac-
tion between phononic modes of the crystalline lattice and the thulium ions [38].

• Spin flip-flops: The observed broadening can also originate from the interaction
between thulium ions and neighboring host ions. The neighboring nuclear spins
surrounding the Tm3+ ion are yttrium Y3+ and two isotopes of gallium, 69Ga and
71Ga. Since Y3+ nuclear spins are weakly magnetic, one plausible explanation is
the presence of a fully concentrated spin bath of gallium nuclear spins, each with a
moderate nuclear magnetic moment which can cause the magnetic field variation
experienced by the thulium ions.

An additional contribution is likely a noisy current supply for the superconducting
solenoid magnet which may cause magnetic field variations of ΓSD .

3.7. MULTIPLEXED OPTICAL STORAGE
The two-level atomic frequency comb (AFC) is a very well-known established protocol
[32] for storage of quantum light in REI doped solids [7, 17, 18]. It relies on shaping of
the inhomogeneously broadened absorption profile of an ensemble of absorbers into a
series of equally-spaced teeth by means of spectral hole burning (with peak separation
∆). The absorption of a photon by such a comb yields a collective atomic excitation that
can be described by a so-called Dicke state:(

|Ψ〉 = 1p
N

N∑
j=1

C j e−i 2πδ j t e i kz j
∣∣g1, g2, . . . ,e j , . . . , gN

〉)
(3.7)

where |e j 〉 represents the j th atom being in the excited state, δ j is the detuning of the
atomic transition frequency with respect to the central frequency of the absorbed pho-
ton, z j is the position of the atomic system measured along the propagation direction
of the light, k the wavevector, and C j the absorption probability amplitude of the j th
atom. Next, the collective excitation described by the Dicke state will dephase but due to
the periodicity of the comb, rephasing of the atomic excitations will occur at time 1/∆,
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leading to a photon-echo-like re-emission. The finesse of an AFC is defined as the ratio
between the peak separation and the FWHM of the absorption peaks, F = ∆

γ .

The multimode capacity of the AFC memory protocol is not dependent on the opti-
cal depth of the storage medium, making this protocol a natural choice for multiplexed
quantum memories [12, 17]. it provides a large temporal multimode capacity, which can
readily be combined with multiplexing in frequency and space. In the time domain, the
number of temporal modes that can be stored using the AFC scheme is proportional to
the number of comb teeth, which depends on the total bandwidth and the periodicity∆.
In the frequency domain, the number of spectral modes depends on the bandwidth per
spectral channel and the total absorption bandwidth of the quantum memory crystal.
In the following subsection, we demonstrate a multimode AFC memory both in the tem-
poral and spectral domains. While we perform the experiments using classical optical
pulses, it is known that the AFC protocol also allows storing quantum states of light such
as qubits with high fidelity [46].
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Figure 3.6: AFC multiplexed storage of optical pulses: (a) AFC storage of 10 subsequent temporal modes of
200 ns duration during 5 µs. The re-emitted train of pulses can be observed from 5 µs to 10 µs. (b) Frequency-
multiplexed AFC quantum memory is used to simultaneously store optical pulses of 1 µs duration in 3 spectral
modes, detuned by 50 MHz (in different colors) for 4 µs, 6 µs, and 8 µs storage time respectively. (c) 1 MHz AFC
of finesse 2 tailored for 5 µs storage time.

3.7.1. SIMULTANEOUS STORAGE OF SUBSEQUENT TEMPORAL MODES
To demonstrate a multimode AFC storage in time, we prepare a 10 MHz broad AFC with
finesse F = 2 by optically pumping Tm3+ ions to long-lived Zeeman levels. To avoid the
spontaneous emission noise due to population decay from the 3H4 excited-state level,
we wait 10 ms (five times longer than the 2 ms lifetime of this level). Then, we cre-
ate a sequence of 10 subsequent pulses of 200 ns duration and send into the memory.
A train of AFC echoes appear after 1/∆ = 5 µs storage time. The AFC efficiency is de-
fined as the ratio between the intensity of the AFC echo and the input pulse. The re-
trieved AFC echoes have an efficiency of around 1% [18]. This value agrees with the
theoretical storage efficiency estimated from the Gaussian AFC structure using the for-

mula η= e−d̃ d̃ 2e−7/F 2
e−d0 [47]. Here, d̃ = d/F , d is the peak absorption depth, d0 is the

background absorption depth, and F is the finesse of the AFC. The reduced efficiency in
our experiment is due to the imperfect optical pumping caused by some technical issues
such as finite laser linewidth and vibration of the cryostat, which can be especially sig-
nificant for AFCs with µs long storage times. Note that, the memory efficiency can be
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cavity enhanced by exploiting impedance-matching conditions [48].

3.7.2. SIMULTANEOUS STORAGE OF DIFFERENT SPECTRAL MODES
In order to create spectrally-multiplexed AFCs, we utilize two phase modulators (PMs)
in series, where one of the PMs generates sidebands spaced by the desired frequency
interval between neighboring AFCs while the other PM creates AFCs around each of
these frequency bands. Both operations are performed using a technique called serro-
dyne optical phase modulation [49]. In this way, we program and create simultaneously
three 1MHz-wide AFCs with 4, 6, and 8 µs of storage time that are centered at 0, 50, and
100 MHz frequency detuning within the inhomogeneous absorption linewidth of the
thulium ions. Each AFC receives an optical pulse whose central frequency is matched
with that of the AFC and re-emits the respective echo at the pre-programmed storage
time. The spectral read-out of the individual AFC re-emissions is implemented by using
a filter cavity at the output of the crystal and by varying the resonant frequency of the
cavity to spectrally match each of the frequency modes. This is depicted in Fig.3.6(b).

3.8. DISCUSSION AND CONCLUSION
Our results confirm that Tm:YGG is an interesting material candidate for AFC-based
long-lived and multimode quantum memories. In this work, we have demonstrated a
multimode optical memory both in the temporal and spectral domains with microsec-
onds long storage times [18], which is a requirement for the construction of multiplexed
quantum memories suitable for scalable photonic quantum repeater architectures [17].
We also investigated and discussed plausible reasons for spectral diffusion on short and
long timescales. However, more detailed spectroscopic measurements are required to
understand the material’s full potential, such as if the coherence properties can be fur-
ther improved by using different magnetic field orientations [44], growing non-birefringent
YGG crystals with less impurities and optimizing the material composition for specific
quantum memory implementations. For example, it is possible to increase the inhomo-
geneous broadening by co-doping selected impurities or introducing static crystal strain
in order to increase the spectral multiplexing capacity of the memory further. In parallel,
optical pumping strategies must be optimized. Furthermore, technical developments
such as sub-kHz laser linewidth stabilization; cryostat-vibration isolation of the crystal,
and embedding the Tm:YGG crystal in an impedance-matched cavity to enhance the
storage efficiency are needed for the creation of desired optical quantum memories that
enable long-distance quantum communication.
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4
QUADRATIC ZEEMAN SPECTRAL

DIFFUSION OF THULIUM ION

POPULATION IN A YTTRIUM

GALLIUM GARNET CRYSTAL

Jacob H. Davidson*, Antariksha Das*, Nir Alfasi, Charles W. Thiel, Rufus L. Cone, Wolfgang
Tittel

The creation of well understood structures using spectral hole burning is an important
task in the use of technologies based on rare earth ion doped crystals. We apply a series
of different techniques to model and improve the frequency dependent population change
in the atomic level structure of Thulium Yttrium Gallium Garnet (Tm:YGG). In particu-
lar we demonstrate that at zero applied magnetic field, numerical solutions to frequency
dependent three-level rate equations show good agreement with spectral hole burning re-
sults. This allows predicting spectral structures given a specific hole burning sequence,
the underpinning spectroscopic material properties, and the relevant laser parameters.
This enables us to largely eliminate power dependent hole broadening through the use of
adiabatic hole-burning pulses. Though this system of rate equations shows good agree-
ment at zero field, the addition of a magnetic field results in unexpected spectral diffusion
proportional to the induced Tm ion magnetic dipole moment and average magnetic field
strength, which, through the quadratic Zeeman effect, dominates the optical spectrum
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over long time scales. Our results allow optimization of the preparation process for spec-
tral structures in a large variety of rare earth ion doped materials for quantum memories
and other applications.

4.1. PREAMBLE
The work detailed in this chapter represents an optimization of our process for craft-
ing AFC quantum memories in Tm:YGG. Until recently creating a good AFC with the
desired storage time and the best efficiency in our group has been considered as much
art as science to correctly optimize the resulting memory. With this work, we gain the
ability to work from known parameters such as laser power, laser linewidth, and a pro-
grammed sequence of optical pulses in order to predict the eventual shape of an AFC.
With that process in hand, we can now optimize the shape of AFC quantum memories
in order to maximize storage efficiencies, storage times, multi-mode capacity, or other
figures of merit. It is also worth a mention that this process applies to other rare earth ion
doped materials as long as spectroscopic properties such as the relevant level lifetimes
and branching ratios are well understood.

4.2. INTRODUCTION

R ARE-EARTH ion doped crystals (REICs) are interesting materials due to their long-
lived excited states and their exceptionally long optical coherence times at cryogenic

temperature [1, 2]. In particular, along with the possibility for spectral tailoring of their
inhomogeneously broadened 4fN -4fN transitions, this makes them prime candidates for
a number of applications in classical and quantum optics. Examples include laser sta-
bilization, RF spectrum analysis, narrow-band spectral filtering, and quantum informa-
tion storage and processing [2–7].

Thulium-doped Yttrium Gallium Garnet (Y3Ga5O12, Tm:YGG) is one such material.
Its 3H6 ↔3H4 transition at 795 nm wavelength features an optical coherence time of
more than 1 ms [8–10], which is one of the longest among all studied REICs. In com-
bination with the accessibility of this transition—within the range of commercial diode
lasers—this makes it a natural candidate for applications.

The quality of created features and the resulting consequences for associated ap-
plications are dependent on the spectroscopic properties of the dopant ions and their
numerous interactions with other atomic components in their local crystalline environ-
ment [11, 12], the details of the optical pumping process, and the spectral and temporal
profile of the applied laser pulses[13, 14]. Deep understanding of the relation between
spectroscopic properties, optical control fields, and spectral diffusion dynamics has re-
sulted in improvements of this process in a number of other rare-earth-doped materials
including Tm:YAG, Eu:YSO, and Pr:YSO [15–17]. However, this important connection has
thus far not been made for Tm:YGG.

In this paper, we track the evolution of population within the electronic levels of
Tm3+ ions in YGG (see Fig. 4.2 for the simplified level scheme) by semi-continuous mon-
itoring of spectral holes for many sequences of applied spectral hole burning pulses. The
characteristic shapes and sizes of these spectral features are matched to a rate equation
model that encompasses the ground (3H6), excited ( 3H4), and bottleneck (3F4) levels in
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this material with associated lifetimes and branching ratios. At zero magnetic field, we
see good agreement between our numerical model and measured results across many
different pump sequences of varying duration, power, and spectral shape. With the addi-
tion of an external magnetic field, the agreement with our numerical model disappears
as spectral diffusion from local host spins begins to dominate the shape of all spectral
features over long timescales. We characterize the nature of this unexpected behavior
and expand our model accordingly by adding a spectral diffusion term to account for a
quadratic Zeeman interaction with present noisy magnetic fields [18, 19].

The letter is structured as follows: In section 4.3 we describe the experimental setup
used to collect our measurements. In section 4.4 we detail the atomic level structure
in Tm:YGG and introduce spectral hole burning, the workhorse of our investigations, to
select a known set of atomic populations. In section 4.5 we introduce and apply a rate
equation model which shows good agreement to the measured spectral hole features. In
section 4.6 we detail the use of adiabatic pulses to shape spectral holes at zero magnetic
field with the goal of creating high-resolution features. Section 4.7 shows uncontrolled
changes to created spectral holes in the presence of magnetic fields and connects these
noise effects to the quadratic Zeeman effect. Section 4.8 extends this quadratic Zee-
man connection to the characterization of spectral diffusion results that differentiates
the measured results from those predicted by our model over longer timescales.

4.3. EXPERIMENTAL SETUP
To measure spectral holes, from population storage in various atomic levels, over differ-
ent timescales in Tm:YGG we use the setup detailed in Fig. 4.1. A CW diode laser tuned
to the ion transition frequency at 795.325nm [20] is locked to a reference cavity result-
ing in a linewidth of roughly 5kHz [21]. To craft short pulses of high extinction ratio, its
continuous wave emission is directed to a free space AOM. The sinusoidal driving signal
of the AOM is mixed with a signal modulated by an arbitrary function generator, which
allows programmable control of the transmitted pulse amplitude for the first order light.

After the amplitude control, the pulsed light is directed to a fiber-coupled phase
modulator driven using arbitrary waveforms for serrodyne frequency shifting and more
complex chirped pulse shapes as detailed in section 4.6. The optical signals are then
sent through a polarization controller to a 1% Tm:YGG crystal grown by Scientific Mate-
rials Corp. and housed in a pulse tube cooled cryostat at 500-700mK. A superconducting
solenoid centered on the crystal applies a homogeneous magnetic field from 0-2T(using
about 1mA/mT of current) along the crystal’s <111> axis. Signals transmitted through
the crystal are directed to a fiber-coupled photo diode and recorded for subsequent anal-
ysis

Experimental control is handled on a number of different time scales via custom
python scripts that ensure signals are created at the correct moment [22]. For sequencing
on timescales of longer than a second, the built-in python timing functions are used to
adjust the experiment. On all timescales shorter than seconds, timing is handled by pre-
programming a pulse generator that produces correctly timed trigger signals for the var-
ious devices. Waveforms for the arbitrary voltage signals are generated by custom scripts
and uploaded to the respective devices for arbitrary control of instantaneous pulse fre-
quencies and amplitudes.
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Figure 4.1: Schematic of the experimental setup. A PC programs a sequence on a pulse generator (SpinCore
Pulseblaster) with nanosecond timing resolution that produces a set of trigger pulses for all devices. Wave-
forms written to an arbitrary waveform generator (AWG1,Tektronix AWG 70002A) voltage channel, are sub-
sequently amplified (SHF S126 A), and drive an electro optic phase modulator (PM) to generate side bands
on the laser light at arbitrary frequencies. The AWG marker channels drive a set of home-built electrical
switches which gate the drive signal of an acousto-optic modulator (AOM) to create short pulses from the laser
light. This gated AOM signal is mixed with fast arbitrary voltage pulses(AWG2,Tektronix AFG 3102), amplified
(Mini-Circuits ZHL-5W-1+), and sent to an acousto-optic modulator (AOM Brimrose 400MHz) to synthesize
controllable-amplitude laser pulses with rise times as short as 2.5ns. We use a single light source (Toptica
DL Pro 795nm) for different tasks (optical pumping, pulse generation, etc). The laser frequency is set via a
wavemeter (Bristol 871) and locked to a thermally and acoustically isolated high finesse optical cavity (Sta-
ble Laser Systems) via the Pound-Drever-Hall method and a fast feedback loop acting on the laser current
and piezo voltage (Toptica PDH and FALC Modules). Transmitted signals from the crystal are directed to a
variable-bandwidth photodetector (NewFocus 2051) and displayed on an oscilloscope (Lecroy Waverunner
8100A) configured by the PC and synchronized with the experimental sequence by a trigger signal.

4.4. TM:YGG SITE AND LEVEL STRUCTURE

Garnet crystals such as YGG have cubic crystal structure with O10
h space group symmetry,

which yields six Tm3+ ion substitution sites, each with D2 point group symmetry[9, 23–
25]. The magnetic and optical behavior of Tm3+ ions in each of these sites is identical
but the crystal structure leads to effective in-equivalence between the sites due to six
different orientations that the ion and its entire local environment can take within the
lattice [26]. However, for a few specific directions relative to the crystalline axes, ions
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at in-equivalent sites can be cast into classes that share the same projections of applied
electromagnetic fields (E⃗ , B⃗ ) onto their local site axes.

Given the orientation of our magnetic field, parallel to the crystalline B⃗ || <111> axis,
we cast the ions into two different classes as depicted in Fig. 4.2 a. The ions in each
separate class experience different magnetic field projections onto the axes in their lo-
cal frame. One class features magnetic field projections along the ion’s local X and Z
axes (blue), and the other projections along the local Y and Z axes (red). This difference
becomes evident from a simple spectral hole burning experiment, which we use to in-
troduce the remaining results of the paper.
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Figure 4.2: a. Depiction of the six ion substitution sites relative to the cubic crystal cell. For a magnetic field
along the crystalline <111> axis the sites are cast into two classes of different field projection, shown in red and
blue. Small black arrows indicate the local site X,Y,Z, axes for the red site in the <100> <010> plane. b. Energy
level diagram of Tm:YGG. c. A pair of hole burning spectra with the main spectral hole pictured in the center.
Each hole, shown in an associated color to part a., is burned with a polarization that selects one of the two
classes of ions and produces anti-holes with different splitting (indicated by the colored arrows). Additional
modulations of the optical depth outside the hole originate from mistakes in the crystal orientation during
fabrication.

In spectral hole burning, a long optical pump pulse excites the atomic population
in a narrow spectral window within an inhomogeneously broadened absorption line.
Excited ions subsequently decay — either back into the original state, or into another
energy level that often belongs to the electronic ground state manifold. Scanning a weak
laser beam over a spectral interval centered on the frequency of the original pump pulse
reveals sections of decreased and increased absorption — so-called spectral holes and
anti-holes. Spectral holes occur at frequencies of reduced ground-state population, i.e.
with offset ∆ = 0 (for the central hole), ∆ = De (for the side hole), and anti-holes can
be observed whenever the ground-state population is increased, which happens at ∆ =
Dg and ∆ = Dg ±De . Here, Dg and De are ground and excited state splittings. Consult
Ref.[13, 27, 28] for more details on spectral hole burning.

In our case, the ground and excited state splittings depend on the magnitude and
direction of the applied magnetic field — which vary for each class of Tm ions [26]. At
7.5 mT we recorded a pair of hole-burning spectra, shown in Figure 4.2 c, for orthogonal
pumping polarizations. This allowed us to selectively address ions in either of the two
classes. We found two sets of anti-holes, each of which split according to the different



4

68 4. OPTICAL PUMPING DYNAMICS

field projections experienced by the two classes of Tm3+ ions. This ability to select out
a single class of ions becomes important in section 4.8 as spectral diffusion depends on
the magnetic projection on each specific class of ions.

4.5. MODELING RESULTS USING THREE-LEVEL RATE EQUA-
TIONS

To further understand the effects of a given hole-burning process on our REIC ensemble
we turn to solutions of the Maxwell-Bloch equations that describe the interaction of light
with one or many atomic systems. These differential equations can be quite difficult to
solve, given the complexity that there does not exist a single fixed Rabi frequency to drive
all ions [29]. In the limit of excitation pulse lengths much shorter or much longer than T2

the rate equation approach has been shown to be an effective model [30]. Thus for the
case of Tm:YGG, due to the long T2 and low optical depth we reduce the Maxwell-Bloch
equations to a set of rate equations that describe the conserved total atomic population
and how it flows through the different available levels as a function of time [14].

Note that in the case of narrowband excitation of an inhomogeneously broadened
transition where only a certain portion of atoms are driven, frequency dependence must
be added. Following [14] and [15, 31] we describe the dynamics of our atomic ensemble
with equations 4.1-4.3.

∂ng (t )

∂t
= R(∆)(ne −ng )+ 1−ζ

Te
ne + 1

Tb
nb (4.1)

∂ne (t )

∂t
= R(∆)(ng −ne )− 1

Te
ne (4.2)

∂nb(t )

∂t
= ζ

Te
ne − 1

Tb
nb (4.3)

This system of coupled differential equations describes the relative change of atomic
population, n(g ,e,b)(∆) in three ion levels as a function of time. The branching ratio ζ de-
termines how much population decays from the excited state |e〉 through the bottleneck
state |b〉 before reaching the ground state |g 〉 with respective level lifetimes Te and Tb . To
drive the system, a frequency-dependent excitation rate R(∆) is added which character-
izes the applied pulses of light used for hole burning. For Tm:YGG, the level lifetimes and
branching ratios are well known at zero magnetic field [20] leaving only one unknown,
the frequency-dependent optical pumping rate which has to be matched with measured
data.

This pumping rate R(∆) is a function of both the individual ion properties and the
applied sequence of laser excitation or burning, pulses. Again from [15],

R(∆) ∝ γ∗F(∆)Opt (4.4)

is a convolution of the two factors, the homogeneous linewidth γ of the ionic transi-
tion and the Fourier spectrum of the applied pulse sequence F(∆)Opt . For the case of
Tm:YGG the homogeneous linewidth of the ions is expected to be narrower than 600Hz
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[20]. For any F(∆)Opt with features greater than the homogeneous linewidth of the ions
this convolution is dominated by the Fourier spectrum of the pumping pulse, which is
determined by laser and sequence characteristics such as pump power, pulse duration,
pulse spacing, and spectral line-shape.

We perform many different hole-burning experiments with differently timed burning
sequences of various powers, durations, and waiting periods. See figure 4.3 a. With these
parameters set, and the known lifetimes and branching ratios of Tm:YGG, we numeri-
cally solve the rate equations above for all times in the burning sequence after setting
the initial conditions before pumping to ng = 1(i.e. after initializing all population in the
ground state). An example is shown in Figure 4.3 b, showing the predicted development
of a spectral hole over time for some chosen R(∆) parameter. The measured evolution
of the spectral hole after the same series of pumping pulses and waiting times is shown
in Figure 4.3 c where the spectral hole is read out after every burn pulse to capture the
evolution.

As the optical depth of a measured spectral hole is proportional to the ground state
atomic population left to absorb we normalize the remaining population using the opti-
cal depth before any pumping has occurred and match the results generated by experi-
ment and by numerical simulation for a particular burning sequence [14, 15]. Note that
since we do not have an analytical function that describes the solution to the system of
rate equations, the matching is not a fit that outputs a mean standard error. However,
as a "goodness of fit" metric, we calculate the point-wise average difference between the
measured and simulated surfaces. Solutions and measurements are shown for a few dif-
ferent times in Figures 4.3 d,e to demonstrate close agreement for matched parameters.
More examples of different burning sequences, a discussion of the resulting holes with
respect to the level lifetimes, and a note on the power dependence of the laser line shape
are included in the supplementary information.

We consider many different R(∆) functions to validate our model, only one of which
creates the closest match with all the measured results. This allows us to uniquely iden-
tify the R(∆) parameter as a property of our laser source and its interaction rate with the
ions.

All burning sequences assume a source with a Lorentzian-shaped laser line of ν = 5
kHz linewidth and an excitation rate amplitude a, tunable between approximately 300
Hz and 2.5 kHz, via AOM drive power. This yields an R(∆) function of the form

R(∆) = a
γ2

γ2 + (∆−∆o)2 for a ∈ [0.3,2.5]kH z,γ= 0.005M H z,∆o = 150M H z (4.5)

where ∆o is the detuning from the thulium absorption line center.

Thus our model for population change driven by this known optical spectrum allows
us to predict the size and shape of any spectral feature resulting from a given burning
sequence in this material at zero external magnetic field. This strategy should extend to
other materials as long as the relevant branching ratios and lifetimes are known.
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Figure 4.3: a. Simple hole-burning sequence used throughout the paper. b. Evolution of a spectral hole simu-
lated using Eqs. 4.1-4.3. The hole is detuned by 150MHz from the peak of the Tm absorption line and develops
slowly in time. c. Measured hole evolution. The hole-burning sequence is as in b. The hole deepens as more
burn pulses are applied. d. The final hole of both methods( experiment and simulations) after 50 cycles of
alternating 1ms long pump pulses and 10ms waiting periods. e. Overlaid slices at many times throughout the
burning process.f. Square-shaped spectral hole generated using hyperbolic secant burn pulses. Modulations
at the bottom of the hole are due to imperfections in the burning pulses, and the square line shows a compar-
ison to modeled results from a perfectly square R(∆) function of matching bandwidth.

4.6. ADIABATIC PULSE SHAPING
To confirm our measurements, and exclude spectral hole broadening mechanisms from
the optical pumping process, we sought to change the spectral shape of our excitation
light and create controllable changes to the width and shape of the resulting spectral
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holes. We use adiabatic pulse shaping to isolate the shape and width of created spectral
features for further optimization while continuing to match to solutions of our predictive
model.

An important method for controlling the shape and width of a desired spectral fea-
ture stems from an early goal of NMR to design a pulse which creates highly efficient
yet highly selective population inversion [32]. The resulting coherent population inver-
sion over a narrow frequency bandwidth is described by a unique analytical solution to
the Maxwell-Bloch equations [33]. This method is known as a hyperbolic secant pulse
and relies upon slow adiabatic tuning of the amplitude and phase of the driving pulse.
This results in the elimination of unwanted frequency components around the desired
bandwidth, and the creation of a pulse with a particularly square spectrum [14, 34]. For
REICs, hyperbolic secant pulses were first considered for quantum computing in order
to create high fidelity π pulses for narrow bandwidth ensembles of ions [17, 35].

The original Maxwell-Bloch solutions call for simultaneous slow modulation of the
amplitude and phase, each with a different shape. This is equivalent to modulation of
the pulse amplitude and frequency shifting during the duration of the pulse [32]. From
a hardware standpoint the problem becomes creating fast electronic control of the am-
plitude A(t ), via AOM voltage, and instantaneous frequency f (t ), via phase modulator
drive, as in [16]. To account for the separate elements responsible for each modulation, a
variable delay was added to the amplitude modulation to ensure that the correct portion
of each pulse is temporally aligned with the corresponding frequency shift.

This method of creating spectral features is in contrast to the common method of
linearly swept serrodyne modulation [34, 36, 37]. For broadband features both meth-
ods are fairly similar, but for creating narrow-band spectral features on the order of the
pump laser linewidth, the spectrum of the adiabatic pulse shows much steeper rising
and falling edges than that of linearly shifted pulses.

To show the clear difference in spectral hole shape using this method, we carry out
the same hole burning experiment as above with the key difference being that each burn-
ing pulse is subject to adiabatic amplitude and frequency modulation. The simulated
and measured results of these hole burning experiments are compared in Figures 4.3
f. The hole shape clearly changes corresponding to the altered—squarer—excitation
spectrum R(∆). The shape of the resulting hole spectrum is controllable in terms of
width by altering the frequency range and speed of the hyperbolic secant pulse mod-
ulations. Though the lower limit of hole width is still related to original laser linewidth,
adiabatic modulation suppresses Lorentzian wings of the spectrum, and will allow for
added power in the burning process.

4.7. MAGNETIC NOISE
With the ability to control the frequency chirp range and the amplitude and duration of
each burning pulse, creation of many possible spectral features, at zero magnetic field,
is well understood from the model in Eqs. 4.1-4.3. However, the lifetime of the 3F4 the
bottleneck level in Tm:YGG creates an upper limit for burning deep yet sharp holes with a
reasonable laser power, see Supplementary Material. To improve the depth and lifetime
of the resulting features, we now add a magnetic field to create a longer-lived bottleneck
state; a ground state spin level with a lifetime of seconds[26, 38].
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It is worth noting at this point that R(∆) is the main term that determines frequency
dependence in the model. Thus, with applied magnetic field an identical bandwidth of
initial population is excited by the same pulse sequences carried out at zero field. Ideally,
only the duration of the subsequent decay path from the excited state can change as
magnetic fields are applied leading to deeper longer lived spectral holes. However, it will
be seen in the following section(s) that though we can initially create spectral features
of a shape matching the zero field case, quadratic Zeeman coupling between magnetic
field noise and the local spin environment of the Tm ions creates significant changes to
these features over long time scales.

With the addition of a magnetic field the ground and excited states of Tm:YGG each
split into spin states with a spin-Hamiltonian given by [26]. The created ground state
spin level has a much longer lifetime than the 3F4 state previously used as the bottleneck
level, prolonging eventual decay to the ground state [39].

A significant portion of the electronic population from the 3F4 level decays to the
additional spin level before reaching the original ground state, creating an equivalent
three-level system that should be governed by similar rate equations, albeit with ex-
tended bottleneck level lifetime [15]. In addition, to ensure that population accumulates
in this level, waiting times between burn pulses must be on the order of the 3F4 state life-
time to prevent population storage in the 3F4 state from where it can decay to the original
ground state much more quickly. Measuring the created spectral holes over these longer
burning and waiting sequences —without significance without applied field— we find
important differences compared to the modeling. To assess these differences, spectra in
this section and in section 4.8 are taken post-burn sequence on a longer timescale than
those presented in the previous sections. More specifically, we measure a created hole
periodically every 11 seconds for minutes. Each hole is fitted to a Lorentzian to deter-
mine the center, depth, and width of the spectral feature.

As the magnetic field strength is increased we observe a clear impact of magnetic
field noise on the width and center frequency of the spectral holes. This is evident from
figure 4.4 a. Here the hole is initially centered at the programmed frequency, but the
shape and center proceed to change in an uncontrolled manner. The magnitude of
these changes falls within the bounds of magnetic field noise caused by variations of
the solenoid supply specified by the manufacturer.

To confirm the origin of the measured effect we create a narrow spectral hole at a
fixed magnetic field. A short time after burning has been completed, we alter the field by
a fixed amount of 1.6 mT, the smallest increment possible with our experimental setup,
and measure the subsequent changes to the hole. We expect a splitting and shifting [40]
from the linear and quadratic Zeeman terms of the ion spin-Hamiltonian as ions change
optical transition frequency in the altered field. The results of these measurements are
depicted in Figs. 4.4 b-f. We find that the splitting and shifting of the spectral hole in-
creases notably as the value of the initial magnetic field was changed from 0.1 to 1.5 T,
for constant field changes of 1.6mT.

The measured values of the center shift and splitting of the pair of resulting holes
are in good agreement with expectations from the quadratic and linear components of
the hyperfine tensor for these ions [26]. The supplementary material contains details for
calculating the expected shifting from the hyperfine tensors and the applied magnetic
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field change. From these measurements, we estimate the field fluctuations in our system
to be a factor of 10 smaller than our applied 1.6 mT field change, leading to the shifting
of the hole center. The implication is that at high magnetic fields, noise on the order of
µT causes many kilohertz of change in the center hole frequency. This result will prove
critical for understanding and creating narrow spectral features at high magnetic fields.

4.8. SPECTRAL DIFFUSION
In addition to the central frequency shift, all measured holes are broadened compared
to expectations from the burning parameters modeled and tested at zero field, a telltale
sign of spectral diffusion [12].

Magnetic field dependent spectral diffusion of spins is well understood in the field of
rare earths, although it has more often been considered for the case of Kramers, rather
than non-Kramers ions [19]. The problem is often cast in terms of interactions in which
nearby spins that have not been excited swap energy with excited members of the en-
semble leading to a general loss of coherence and a spreading, or broadening, of spectral
features in time [41, 42]. Both magnetic field and sample temperature play enormous
roles as they both mediate how much energy is being interchanged directly through
spin-spin interaction or through coupling to host phonons[43]. On short to medium
timescales the characteristic rate and magnitude of these processes are often measured
via two and three-pulse photon echo that allow for spin interactions during their vari-
able delay times[19]. For longer timescales spectral hole burning can accomplish a simi-
lar task by mapping the change of the hole shape and size as a function of time, magnetic
field, and temperature [12].

By adjusting the polarization of the pump light, we first isolate ions with a particu-
lar spin splitting at a certain magnetic field, as discussed in section 4.4. Again, we per-
form spectral hole burning measurements where burning pulses and waiting periods
are timed to guarantee population arrives at the desired spin level. Once hole burning is
complete, the hole is read out after varying waiting times using, as above, a weak probe
in order to leave the hole unperturbed. We determine (i.e. fit) the widths of all holes for
a series of different magnetic field amplitudes. Width change as a function of time can
be described by [19]

Γhol e ∝ Γo + 1

2
ΓSD (1−e−Rs tdel ay ). (4.6)

Here, Γo is some initial hole width given by R(∆) of the burning process, which broadens
in time. The spectral diffusion approaches a maximum value of ΓSD at a characteristic
rate given by Rs . The functional form of the magnetic field and temperature dependence
for ΓSD and Rs can be used to link spectral diffusion to a specific broadening mechanism
[19, 44, 45].

The first portion of evidence for determining the source of the measured diffusion
is the different behavior of each magnetic class of ions. Shown in Fig. 4.5 a is the hole
width of each such class as a function of time for an applied field of 500mT. For the same
external field, each class broadens at a different rate. However, when different fields are
applied, such that the Zeeman splittings of each class are roughly equivalent, the broad-
ening occurs at the same rate, see Fig. 4.5 b. This contrast likely rules out contribu-
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Figure 4.5: a. Spectral hole widths for ions in both magnetic classes as a function of time at 500mT. The class
of ions with the larger magnetic field projection shows significantly more spectral diffusion. b. Spectral hole
widths for ions in both magnetic classes as a function of time where the applied magnetic field for each class
of ions creates roughly equivalent splitting. The spectral diffusion is comparable. c. Fitted Hole width versus
time for a single class of ions at a series of different magnetic fields. d. Linear fit to the variation of ΓSD as a
function of magnetic field.

tions of two-level systems [39] on this time scale, which is likely to be located randomly
throughout the material without an orientation-dependent response. Instead, the diffu-
sion appears to depend upon the magnitude of the created magnetic dipole moment of
the Tm ions.

To further isolate the cause of the diffusion we analyze the behavior of a single class
of ions as a function of the applied field. Utilizing the model in Eq. 4.6 we fit ΓSD and Rs

exclusively for each magnetic class of ions where the functional form of ΓSD is given by
[19],

ΓSD (B ,T ) = Γmax sech2(
genvµB B

kT
) (4.7)

Here genv is the g-factor of spins in the local crystalline environment, µB is the Bohr
magneton, B is the applied field, k is the Boltzmann constant, T is the sample temper-
ature, and Γmax (B) is the full-width half max of the broadening of the optical transition
due to external sources.
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Species Concentration Effective g factor Average distance (r) Average Field (B)
169Tm3+ 1% 0.0077 17 Å 500 nT

71Ga 40% 0.00071 2.6 Å 15 µT
69Ga 60% 0.00092 2.6 Å 19 µT
89Y 99% 0.00014 4 Å 850 nT

Table 4.1: Magnetic fields experienced at an average Tm ion site due to spin flips of the elemental species in
the crystal. Estimated distances are in agreement with measured data from YAG [46]. Only the gallium spins
match the order of magnitude of the measured magnetic variations.

For non-Kramer’s ions in general, and all atomic species in the YGG host, since the
g-factors, genv , are quite small, the thermal distribution of population in various spin
levels remains nearly constant for the temperatures and applied fields used in this work,
making the sech2 factor in Eq.3.6 effectively constant as well. Any field dependence of
ΓSD can then be attributed to the field dependence of Γmax (B). As shown in Fig. 4.5 d
we find ΓSD to increase as the magnetic field increases while Rs remains fairly constant
for the measured fields. Inspired by [19, 45] we fit this behavior using a functional form
of Γmax (B) that relates the optical transition broadening to the quadratic Zeeman effect.

Γmax (B) = g 2
j µ

2
B B · |Λe −Λg | ·BNoi se +Γmax (0). (4.8)

Here, g j is the electronic g factor for each level, µB the Bohr magneton, Λi , i ∈ {g ,e} is
the hyperfine tensor for the ground and excited states in the transition, B is the applied
magnetic field, and BNoi se the width of the field distribution around each experimentally
set value due to flips of local host spins or external noise. All factors in this expression
are known save this empirical BNoi se , which is fit to a value of 87±20 µT using the data
of Fig. 4.5 d.

Following calculations from [47] and using a model of the YGG crystal cell from [48]
we estimate the magnetic field variation at an average Tm ion site given the concentra-
tions, unit cell dimensions, and corresponding g-factors of each host crystal constituent.
Table 4.1 contains estimations of magnetic fields at a potential Tm ion site due to spin
flips from each of the crystal constituents. Considering possible contributors, the low Tm
ion concentration of this crystal means the average distance to another dopant thulium
is likely too small for Tm-Tm interactions to cause noise of this magnitude. Yttrium,
though fully concentrated, is also too weakly magnetic. The most likely explanation
is the presence of a fully concentrated bath of local gallium spins, each with a moder-
ate nuclear magnetic moment. An additional contribution from a noisy current supply
used to power the superconducting solenoid that creates the magnetic field across the
crystal, among other factors stemming from geometrical concerns and heterogeneous
spin species [49], may explain the mismatch between our rough estimations of spin-flip
noise, and the fitted field variations.
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4.9. CONCLUSION
We conducted a series of spectroscopic measurements that lead to a detailed under-
standing of how to create high-resolution spectral features using Tm:YGG. The possi-
bility for controlling pump field amplitude, frequency chirp, pulse duration, and pulse
power gives a number of experimental handles with which to optimize the shape of the
desired spectral feature. For zero magnetic field, experimental results were shown to be
in good agreement with predictions from a three-level, frequency-dependent, rate equa-
tion model for various sets of input pulses shorter than the transition lifetime. However,
when applying a similar model to a three-level system that includes a ground state spin
level split by the magnetic field, magnetic noise, and spectral diffusion dominate the re-
sulting features over long timescales. We attribute large shifts to each ions optical tran-
sition frequency due to the quadratic Zeeman effect in combination with time-varying
magnetic fields as the likely cause of the diffusion. This in-depth analysis will aid appli-
cations that employ spectral features created using Tm:YGG and other rare earth-doped
crystals such as spectral hole-based laser stabilization, RF frequency analysis, and opti-
cal quantum memories.

4.10. SUPPLEMENTARY MATERIAL

4.10.1. MORE EXAMPLES OF DIFFERENT BURNING SEQUENCES

In the main text, we show examples of modeled and experimentally created spectral
holes using a single burning process. However, the good agreement between these two
methods extends to a large variety of create procedures. We measured holes created
using burn pulses with 5 different optical powers, with 2 different durations, and 4 dif-
ferent waiting times giving us more than 40 individual experiments with which to match
behavior and predictions.

4.10.2. HOLES AND LEVEL LIFETIMES

All the cases listed in the previous section showcase the behavior of spectral holes rela-
tive to the different level lifetimes. They are worth a deeper look. We measure only a pair
of burning times, 100us and 1ms, as burning pulses longer than around 1 ms were ob-
served to heat the crystal, and the Fourier transform. For burning pulses of each length,
we examine a set of different waiting times between the pulses of the sequence shown in
Fig 4.3 a: 1ms, 10ms, 50ms, and 100ms. Each is selected for a reason. One millisecond
is on the order of the excited state lifetime and is much shorter than the bottleneck life-
time. Ten milliseconds is much longer than the excited lifetime and much shorter than
the 3F4bottleneck lifetime. Fifty milliseconds is much longer than the excited and on the
same order as the bottleneck lifetime, and 100ms is much longer than both lifetimes.

As the waiting time approaches the bottleneck level lifetime the additive nature of
multiple burn pulses starts to disappear and the hole depth reaches a much smaller
steady state. This can be seen from Fig. 4.6 a-c. When the waiting time exceeds the
bottleneck lifetime we are essentially re-pumping the same population with each burn
pulse, interacting with a nearly unchanged material absorption profile. For waiting times
on the order of the excited state lifetime, we see a slight broadening of the hole due to
power broadening as well as frequency shifts caused by excited ions within the pump
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Figure 4.6: Spectral holes after 50 cycles of 1 ms burning separated by a 10 ms waits, b 50 ms waits, c 100 ms
waits. The hole decreases in total depth because the population decays from the bottleneck level before the
next pumping step.

bandwidth [17, 35]. This indicates that the optimum wait duration using which to create
features is longer than the excited state lifetime so that most pumping occurs without the
population in the excited state, but still much shorter than the bottleneck level lifetime
to allow the population to accumulate in the bottleneck over many successive burning
pulses.
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4.10.3. POWER DEPENDENCE DUE TO MODEL NON-LINEARITY
Of the many measured data sets, a key portion involves the same optical pumping se-
quence with a series of different optical powers, See Fig. 4.7. This tuning is done by
changing the peak-to-peak amplitude of the AOM driving signal over a range of voltages.
Different initial laser line-shapes, R(∆) with different amplitudes broaden the resulting
holes at different rates. This study allowed us to determine the spectral shape of our
applied R(∆) function by comparing measured results to the scaling predicted by our
model. First, in Fig. 4.7 a-e. we show a series of hole-burning experiments conducted
with different optical powers using our un-modulated laser. The clear broadening of the
spectral hole is not power broadening as in [14] but rather an effect due to the Lorentzian
shape of the applied laser line. With increased amplitude the wings of the Lorentzian
shape gain the ability to efficiently change ground state population, broadening the re-
sulting hole. Additionally, Fig. 4.7 b. shows the scaling of a spectral hole for hyperbolic
secant modulated pulses using a burning sequence with matching timing as above. As
seen in figure 4.7 f-j, the broadening is nearly absent because the pulse modulation re-
shapes the applied R(∆) function into a square shape that does not possess wings that
strengthen with added burning power. This is the more desirable scaling, so that added
power results in a higher excitation rate and deeper rather than broader spectral holes.

4.10.4. EXPECTED QUADRATIC ZEEMAN SHIFTING BEHAVIOR
First, we can calculate the initial frequency of the inhomogeneous line for some initial
field magnitude and orientation. This is given by the difference between the shift of the
ground (Dg ) and excited(De ) states.

D J =
g jµB

2A J
[(γJ ,x −γn)B 2

x + (γJ ,y −γn)B 2
y + (γJ ,z −γn)B 2

z ] (4.9)

Here, gn is the nuclear gyro-magnetic ratio of thulium, βn is the nuclear magneton, g J

is the electronic g factor for each level, µB is the Bohr magneton, and A J is the hyperfine
interaction constant, and B(x,y,z) the field components in the local frame of the ions.

Then the initial hole is at a frequency ∆i = Dei−Dg i

ħ Calculating a ∆ f = De f −Dg f

ħ using
the final field magnitude and orientation we arrive at the projected shift ∆ f −∆i in hole
center frequency due to the quadratic Zeeman effect.



4

80 4. OPTICAL PUMPING DYNAMICS

a.

Model

Measurement

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0
A

bs
or

pt
io

n 
(O

D
)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

1.0

0.8

0.6

0.4

0.2

0.0

A
bs

or
pt

io
n 

(O
D

)

149.6     149.8     150.0     150.2     150.4
Frequency (MHz)

b.

c.

d.

e.

f.

g.

h.

i.

j.

Figure 4.7: a-e. A series of spectral holes after 50 cycles of 1 ms burning separated by 50ms waiting between
for five linearly increasing optical powers. Points(blue) are measured spectral holes, with line (orange) results
of the rate equation model for this sequence and the pumping line-shape. f-j. A similar experiment, but each
burn pulse is now a hyperbolic secant pulse.
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A LONG-LIVED SOLID-STATE

OPTICAL MEMORY FOR HIGH-RATE

QUANTUM REPEATERS

Mohsen Falamarzi Askarani*, Antariksha Das*, Jacob H. Davidson, Gustavo C. Amaral, Neil
Sinclair, Joshua A. Slater, Sara Marzban, Charles W. Thiel, Rufus L. Cone, Daniel Oblak, and

Wolfgang Tittel

We argue that long optical storage times are required to establish entanglement at high
rates over large distances using memory-based quantum repeaters. Triggered by this con-
clusion, we investigate the 3H6 ↔ 3H4 transition at 795.325 nm of Tm:Y3Ga5O12 (Tm:YGG).
Most importantly, we show that the optical coherence time can reach 1.1 ms, and, using
laser pulses, we demonstrate optical storage based on the atomic frequency comb protocol
up to 100 µs as well as a memory decay time TM of 13.1 µs. Possibilities of how to narrow
the gap between the measured value of TM and its maximum of 275 µs are discussed. In
addition, we demonstrate quantum state storage using members of non-classical photon
pairs. Our results show the potential of Tm:YGG for creating quantum memories with long
optical storage times, and open the path to building extended quantum networks.

Parts of this chapter is published in Physical Review Letters 127, 220502 [1]
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5.1. PREAMBLE
The results of this paper are very promising for extending the storage time of Tm:YGG
memories to a value that enables elementary quantum repeater links over many kilo-
meters. To push further, we also demonstrate many of the principles that are required
for building a frequency multiplexed quantum repeater. However, the storage efficiency
is poor compared to that in the previous chapter. Tying together the improvements of
these first two chapters is an ongoing theme that I look to build upon throughout this
thesis.

5.2. INTRODUCTION

T HE future quantum internet [2, 3] will enable one to share entanglement and hence
quantum information over large distances – ultimately between any two points on

earth. To overcome attenuation in optical fibers, quantum repeaters are needed [4–8],
many of which require quantum memories for light [9]. Such memories allow storing
qubits, encoded into photons that have traveled over long distances until feed-forward
information becomes available. This information specifies which optical mode—including
spectral, spatial, and temporal modes—a qubit should occupy once it has been re-emitted
from the memory. Note that the required mode assignment (or mode mapping opera-
tion) can happen in a memory-internal manner, e.g. by controlling when a photon is
re-emitted (aka read-out on demand) [5, 10–12], or externally, e.g. by directing the emit-
ted photon to a specific spatial mode [13] or by shifting its spectrum [7].

To maximize the entanglement distribution rate of a quantum repeater, qubits must
be added continuously to the memory – not only once a previously stored qubit has been
re-emitted but also while it is still being stored. Such multiplexed storage implies (a)
the use of large ensembles of absorbers that enable bi-partite entanglement with many
photonic qubits; and (b) that any memory-specific control operation, triggered by the
absorption of a newly arriving qubit, must neither affect re-emission nor the possibility
for mode mapping of a previously absorbed qubit. Stated differently, any control opera-
tion required after absorption of a qubit or a train of qubits must not introduce deadtime
that prevents the memory from accepting additional qubits. This would cause a reduc-
tion of the memory’s time-bandwidth product [14, 15] and, when used as an element of
a quantum repeater, a reduction in the entanglement distribution rate (see the supple-
mental material for an example).

Unfortunately, the latter requirement of qubit independence (b) can be at odds with
a high repetition rate. As we show below, one example is that of temporal multiplex-
ing and read-out on demand in the so-called atomic frequency comb (AFC) quantum
memory protocol, which requires one to temporarily map qubit states between optical
and spin coherence [16]. This leads us to conclude that it is important to optimize the
optical storage time, i.e. the time during which qubits are stored as optical coherence,
which can be excited using visible or near-infrared light. It is important to realize that
this conclusion also holds in the case of purely optical storage (no spin mapping), re-
gardless of the degree of freedom used for multiplexing. Triggered by this finding, we
investigate thulium-doped yttrium gallium garnet (Tm3+:Y3Ga5O12 or Tm:YGG) – a rare-
earth-ion doped crystal (REIC) whose promising spectroscopic properties have been
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demonstrated previously [17, 18], but whose potential for storing photonic qubits has
not yet been established. Here we show that its optical coherence time T2 can reach 1.1
ms, which is one of the longest times reported for any REIC [19, 20]. Motivated by this
promising result, we investigate Tm:YGG for AFC-based memory, and demonstrate op-
tical storage of laser pulses up to 100 µs. This is comparable with recent results obtained
using Yb:Y2SiO5 [21] and Eu:Y2SiO5 [22], and exceeds all other reported results of storage
of light in optical coherence with any REIC by at least a factor of 10. However, we also find
that the memory decay time Tm of around 13 µs is 20 times smaller than the T2-imposed
maximum of 275µs. Before addressing the reasons for this large gap, we confirm the pos-
sibility for spectrally multiplexed storage and feed-forward-based spectral mode map-
ping [7], which allows using memory materials—including Tm-doped crystals—whose
atomic level structure lacks the spin states required for memory-internal temporal mode
mapping. Furthermore, we also show that quantum correlations between members of
photon pairs persist throughout storage, i.e. that our memory can operate in the quan-
tum regime. We conclude by mentioning reasons for the currently small memory effi-
ciency, leaving more details to the supplemental material.

5.3. THE NEED FOR LONG OPTICAL STORAGE

To support our claim that qubit independence can be at odds with a high repetition rate,
let us discuss the example of temporal mode mapping using the AFC spin-wave memory
in REICs [12]. As depicted in Fig. 5.1a, a pair of optical control pulses (π-pulses that res-
onantly couple the excited state |e〉 with a ground state |s〉) allows one to reversibly map
optical coherence onto a spin transition. In this case, the timing of the second control
pulse determines when the photons will be re-emitted from the memory, allowing for
readout on demand.

Let us now assume that a first train, R1, of temporally multiplexed qubits has already
been absorbed by the memory, that the first control pulse has been applied, and that
a second train, R2, of qubits has just been added to the memory (Figs. 5.1b-d). At this
point, R1 is stored in terms of spin coherence, and R2 in terms of optical coherence.
Unfortunately, the subsequent control pulse, applied to the memory with the goal to
map R2 onto spin coherence, simultaneously maps R1 back onto optical coherence. This
causes the re-emission of these qubits at a time that is determined by the need to transfer
the second train, rather than by feed-forward information that specifies what to do with
the first.

Fortunately, this problem can be avoided by storing only one train at a time. But
in order to maximize the repetition rate of the repeater (or to minimize the memory’s
deadtime), this block, and hence the time during which qubits are stored in optical co-
herence, should be as long as possible – ideally as long as the total storage time. At the
same time, long optical storage times allow for maximizing the elementary link length in
quantum repeater architectures that do not employ mapping between optical and spin
coherence. In turn, this leads to higher entanglement distribution rates as it reduces the
number of (currently inefficient) Bell-state measurements that are required to connect
neighboring links [7].
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Figure 5.1: Recall on demand using the AFC spin-wave storage protocol. a. Pulse sequence. b - e. Memory
input and output, as well as atomic coherence (indicated by light blue and green figures of eight) for different
moments during storage (see text for details). Trains of qubits are labeled R1-R4; CP: Control Pulse. A three-
level lambda system is formed by spin states |g 〉 and |s〉, and by excited state |e〉.

5.4. TM:YGG AND EXPERIMENTAL SETUP
Due to their unique spectroscopic properties [23], REICs have been broadly explored
over the last two decades for quantum technology [24, 25], e.g. as ensemble-based quan-
tum memory for light [9, 26, 27] or for quantum processing [28, 29]. But while significant
effort has been spent to increase storage times in spin coherence [30–33]), much less
work has been devoted to advancing and better understanding the limitations of storage
in optical coherence. To address this shortcoming, we use a 25-mm long, 1% Tm:YGG
crystal, mounted inside an adiabatic demagnetization refrigerator cooled to ∼500 mK.
YGG forms a cubic lattice in which Tm3+ replaces Y3+ in six crystallographically equiv-
alent sites of local D2 point group symmetry [34]. An ideal Tm:YGG crystal is optically
isotropic. Magnetic fields up to 2 T can be applied along the crystal < 111 > axis, split-
ting all electronic levels through the enhanced Zeeman interaction into two hyperfine
sub-levels [18, 35]. Fig. 5.2 (Inset) depicts a simplified level structure.

We use a tunable continuous-wave diode laser at 795.325 nm wavelength to address
the 3H6 ↔3H4 zero-phonon line. Due to the use of a non-polarization-maintaining fiber,
the polarization state at the input of the crystal is unknown. Furthermore, it evolves in-
side the crystal due to birefringence stemming from imperfect crystal growth [17]. The
laser is frequency-locked to a high finesse cavity using the Pound-Drever-Hall method,
resulting in an instability over∼100µs below 20 kHz. To intensity- and frequency-modulate
the light, we use a single-pass acousto-optic modulator (AOM) (driven by an RF signal
generator) and a phase modulator (PM) (driven by an arbitrary waveform generator).
After passing through the crystal’s < 110 > direction, the light is directed to a photo-
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Figure 5.2: Experimental setup. AOM: acousto-optic modulator; PM: phase modulator; OS: optical switch;
EOM: electro-optic modulator; PD: Classical photodetector; SPD: Single photon detector; CCD: charge-
coupled device camera; B: Magnetic field. Inset: Simplified energy level diagram of Tm:YGG showing the
3H6 ↔3H4 zero-phonon line.

detector. This setup is used for AFC creation (see also [36]), initial memory characteriza-
tion, and storage of optical pulses in a single spectral mode. For frequency-multiplexed
storage and feed-forward recall, additional phase modulators are used to add frequency
side-bands to the laser light, each of which creates a memory in a different spectral seg-
ment, and to frequency shift the light after re-emission so that only the desired spectral
mode passes through an optical filter cavity [7]. In addition to laser pulse, we can also
send heralded single photons into the memory, see Fig. 5.2.

5.5. MEASUREMENT AND RESULTS
First, as a key property that determines the maximum optical storage time, we character-
ized the optical coherence time T2 as a function of magnetic field using 2-pulse photon
echoes [37]. As an important difference compared to our previous studies [17, 18], the
temperature was lowered from 1.2 K to 500 mK. As shown in Figs. 5.3a,b and predicted
earlier [17], this resulted in a very significant improvement of the coherence time from
490 µs to around 1.1 ms – one of the longest reported optical coherence times for any
rare-earth crystal and approaching the limit of 2.6 ms imposed by the 3H4 population
lifetime [18]).

Next, we investigated the possibility of optical data storage, both using laser pulses as
well as quantum states of light. Towards this end, we employed the two-level atomic fre-
quency comb protocol [16]. An AFC is characterized by an absorption profile composed
of evenly-spaced teeth in the frequency domain, which can be created using frequency-
selective optical pumping of the population from the troughs of the AFC to other atomic
levels. Note that Tm:YGG is well suited for this task due to long-lived hyperfine levels
within the electronic ground state manifold [18]. Absorption of a photon with wavenum-
ber k by an AFC results in the creation of a collective atomic excitation described by
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Figure 5.3: Optical coherence, and optical data storage in a single spectral mode. a. Exponential decay of the
two-pulse photon echo signal as a function of the delay between the two optical pulses. b. Optical coherence
time T2 as a function of magnetic field. The dashed line guides the eye. c. AFC of 1 MHz bandwidth tailored
for 5 µs storage time. The calculated efficiency, η, is approximately 1%. d. Measured memory efficiency as a
function of storage time using AFCs with finesse 2. In all measurements T∼500 mk. The error bars in (a) and
(d) are smaller than the data points.

|ψ〉A = N−1/2 ∑N
j=1 c j e i 2πδ j t e−i kz j |e j 〉. Here, N is the number of ions in the AFC, |e j 〉 a

state in which only ion j is excited, δ j the detuning of this ion’s transition with respect
to the input photon’s carrier frequency, and z j and c j its position and excitation proba-
bility amplitude, respectively. After initial dephasing, the coherence rephases, resulting
in re-emission of the photon after a time τ that is determined by the inverse AFC tooth
spacing∆, where τ= 1/∆. See [16, 22] for more details. An example of an Tm:YGG AFC is
depicted in Fig. 5.3c.

5.5.1. LONG-LIVED STORAGE OF LASER PULSES

Given the remarkable optical coherence time, it is important to assess how the memory
efficiency evolves with storage time. To this end, we used 1 µs-long laser pulses (note
that the use of true single photons would not change the results), and created AFCs with
finesse F—the ratio between AFC peak spacing ∆ and peak width δ—of 2. See [7, 36] for
more information. Tooth spacings varied between 100 kHz and 10 kHz, corresponding
to storage times between 10 and 100 µs, respectively. The choice of F=2 maximizes the
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storage efficiency (see section 2B in the supplemental material), which was limited due
to the crystal’s small optical depth of around 1. The AFC bandwidth for all storage times
was 0.5 MHz except for 100 µs, where it was reduced to 0.2 MHz. Due to the need for
highly resolved AFCs with narrow-linewidth teeth, their preparation took 1 s. This time
was followed by a waiting time of 20 ms—approximately 15 times the radiative lifetime
of the 3H4 level—to avoid detecting spurious photons caused by spontaneous decay of
ions excited during the AFC preparation. The magnetic field in all measurements was
around 100 G, which maximizes the optical coherence time.

We detected re-emitted pulses after up to 100 µs and found that the memory storage
efficiency decreases exponentially as a function of storage time with a decay constant
Tm =13.1±0.8 µs (see Fig. 5.3d). This value is much smaller than the ultimate limit Tmax

m
imposed by T2 of around 275 µs. Possible reasons are listed in the outlook and detailed
in the supplemental material.

5.5.2. FREQUENCY-MULTIPLEXED STORAGE WITH FEED-FORWARD MODE MAP-
PING

To demonstrate spectral multiplexing, we prepared 11 AFCs with F=2, each of 1 MHz
bandwidth and spaced by 10 MHz, over a total bandwidth of 100 MHz. Laser pulses
of 1 µs duration were created in each spectral mode. They were stored and recalled
after 5 µs (see Fig. 5.4a). Note that the individual modes were resolved by changing
the resonance frequency of the filtering cavity (see Fig. 5.2). Assuming that five subse-
quent pulses—each of 1 µs duration—fit into the storage time, this results in a multi-
mode capacity over spectral and temporal degrees of freedom of 55. Note that the stor-
age time—significantly less than our maximum of 100 µs in this and all subsequent
measurements—was limited by a trade-off between a more complex AFC tailoring pro-
cedure and memory efficiency. Otherwise, all parameters used to create the AFCs re-
mained unchanged.

To implement feed-forward mode mapping, imposed by the use of a multiplexed
memory in a quantum repeater, we furthermore demonstrated spectral shifting of the
recalled laser pulses such that only the desired spectral mode was subsequently trans-
mitted through a filter cavity with a fixed resonance frequency. Our approach, which is
further explained in the supplemental material and in [7], is equivalent to the more well-
known case of temporal multiplexing, in which one has to retrieve photons in specific
temporal modes. Since the mode mapping in our case is performed in the frequency do-
main, the storage time of the memory is fixed; it corresponds to the round-trip time from
the end of an elementary link to its center and back. The results of our proof-of-principle
demonstration are depicted in Fig. 5.4b.

For these measurements, the internal storage efficiency (calculated by comparing
the energies of input and re-emitted pulses and after considering coupling loss) was
around 1.3%. Note that number of spectral channels can easily be increased with more
laser power, allowing for paralleled AFC generation. Given the inhomogeneous broad-
ening of the 3H6↔3H4 transition of 56 GHz, this could in principle yield thousands of
spectral modes. Furthermore, increasing the storage time by an order of magnitude—
still much less then Tmax

m —would improve the multi-mode capacity by another factor of
ten.
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Figure 5.4: Storage of data in multiple spectral modes. a. Spectrally-multiplexed AFC quantum memory used
to simultaneously store optical pulses in 11 spectral modes for 5 µs. b. Feed-forward mapping of spectral
modes onto one with zero detuning. Laser pulses in three spectral modes were stored and re-emitted after 5
µs. Frequency shifting using phase modulator PM3 allowed mapping any desired mode onto one with zero
detuning. Only this mode was transmitted through the filter cavity. The re-emitted pulses are magnified by a
factor of 2, and crosstalk is indicated using dotted circles.

5.5.3. STORAGE OF HERALDED SINGLE PHOTONS

Finally, we verified that Tm:YGG, together with the two-level AFC protocol, is suitable
for quantum state storage. As described in detail in [38], we created pairs of quantum-
correlated photons at 795 and 1532 nm wavelength by means of spontaneous paramet-
ric down-conversion of strong laser pulses in a periodically-poled LiNbO3 crystal. The
detection of a 1532 nm photon using a superconducting nanowire single-photon detec-
tor heralded the presence of a 795 nm photon, which was directed into, stored in, and
released after 43 ns from the Tm:YGG memory. Note that the memory creation proce-
dure remained unchanged except that the AFC bandwidth was increased to 4 GHz to
better match the photon bandwidth, and that the magnetic field was increased to 3 kG
to match the difference in the ground and excited state level splitting with the spacing
between a trough and the neighboring tooth in the AFC [39]. The latter also increased
the persistence of the AFC, allowing us to repeat the preparation sequence only every
10 s. Together with the preparation time of 1 s, this resulted in a memory availability of
around 90%. The photons were then detected using a single-photon detector based on
a silicon avalanche photodiode. The system efficiency, assessed by comparing photon
detection rates with and without memory was 0.05%. Taking 15% fiber coupling into
account, this yields an internal storage efficiency of 0.35%.

To verify that the non-classical correlations with the 1532 nm photons persist through-
out the storage process, we measured the 2nd order cross-correlation coefficient g (2)

12 (t )
between the two photons of a pair using time-resolved coincidence detection [36]. Be-
fore storage, we found g (2)

12 (0ns)= 18±0.02 and, importantly, after 43 ns storage g (2)
12 (43ns)=

4.58±0.46 (this value is reduced due to excess loss combined with detector dark counts).
See the supplemental material. Both values surpass the classical upper bound of 2, con-
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firming the quantum nature of the photon source as well as the memory.

5.6. DISCUSSION AND CONCLUSION
Our investigations have resulted in an optical coherence time T2 up to 1.1 ms and opti-
cal storage times up to 100 µs. However, they also revealed a memory decay time of 13.1
µs – significantly smaller than the limit imposed by T2, and in general a small recall effi-
ciency. To increase the memory performance to a level that allows its use in a quantum
network, several improvements, most, if not all of which are of technical nature, are re-
quired. As we describe in more detail in the supplemental material, this includes using a
frequency-stabilized laser with narrower linewidth, a cryostat with reduced vibrations, a
more stable magnetic field as well as finding parameters (propagation direction and po-
larization of the light, and external magnetic field) under which spectral diffusion due to
ion-ion interactions is reduced and the 3H6 ↔ 3H4 transition becomes a so-called clock
transition [35]. Furthermore, to counter the effects of limited optical depth, the light-
atom interaction has to be enhanced using an impedance-matched cavity [31, 40–43].
This also removes the problem of re-absorption of photons that are emitted in forward
direction. Furthermore, we can improve the optical pumping by changing the currently
sequential excitation of narrow spectral intervals within the inhomogeneously broad-
ened Tm transition by complex hyperbolic secant pulses [22, 44]. This will lead to better
confined teeth with a more squarish spectral profile, and hence to a reduced background
within the troughs in between these teeth. At the same time, it will also allow creating
AFCs with higher finesse, resulting in reduced decoherence during photon storage [22,
45, 46].

Finally, note that despite the currently small multiplexing capability—in particular,
compared to the 1060 temporal modes in [47]—our demonstration shows the advan-
tage of using atomic ensembles over single absorbers where it is limited to one. Note
as well that coupling of a single spin, e.g. a diamond nitrogen-vacancy center, to neigh-
boring nuclear spins does not solve this issue due to the limited number of interacting
neighbors—e.g. 27 in [48]—and the small coupling strength.

We anticipate that further improvements of our work will lead to long-lived, efficient,
and multi-mode optical quantum memories that enable the efficient distribution of en-
tanglement across extended quantum networks.

5.7. SUPPLEMENTARY MATERIAL

5.7.1. MEMORY DEADTIME AND REPEATER-BASED ENTANGLEMENT DISTRI-
BUTION RATE

To show the impact of a memory with dead-time on repeater performance, more pre-
cisely the impact on the entanglement distribution rate, we focus on the quantum re-
peater protocol described and analyzed in [7, 49, 50]. See Fig.S 5.5 for an illustration.

In this approach, a fixed number of qubits in n different spectral modes is created
at each node and sent towards the central location of the elementary link that connects
to the neighboring node. Each qubit is entangled with a second qubit, also in one of n
different spectral modes, whose states are mapped into a quantum memory where they
are stored as optical coherence (not spin coherence). At the central location, a Bell-state
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measurement projects the transmitted qubits pairwise in a spectrally-resolved manner
onto a maximally entangled state. This entangles qubits in the two memories–one on
either end of the elementary link. After sending information about the channel(s) in
which entanglement has been generated back to the two nodes, each node recalls all
qubits from its memory and selects, out of the block of n, one (now entangled) qubit
whose mode is subsequently shifted to allow for a Bell-state measurement with a qubit
from the neighboring elementary link. Given the multi-mode capacity of the assumed
memory as well as no dead-time, the next set of qubits can be created by the source and
stored in the memory as soon as the creation of the previous set has been terminated.
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Figure 5.5: Illustration of storage sequence for spectral multiplexing (left-hand column) and temporal multi-
plexing (right-hand column). (a) and (b) represent the moment before storage, and (c) and (d) after storage.
Two subsequent trains (or blocks) of qubits are labeled R1, R2. In (a) and (c), different colors represent differ-
ent spectral modes. The three-level lambda system needed for read-out on demand is formed by spin states
|g 〉 and |s〉, and by excited state |e〉. Note how the dead-time of the spin-wave memory imposes a delay time
between qubit trains R1 and R2 (in b and d).

Generalizing this approach to temporal modes, we arrive at the following: First, n
qubits belonging to n entangled pairs in n subsequent temporal modes are created and
sent to the central node of the elementary link. The other qubits of the n pairs are stored
one after the other in optical coherence, and once the whole train of qubits has been
mapped into the memory, it is transferred “en bloc" onto spin coherence. The outcome
of a temporally-resolved Bell-state measurement at the central node then affects when
the train of stored qubits is read out in each memory, ensuring that qubits from neigh-
boring elementary links become indistinguishable in the temporal domain and can be
subjected to another Bell-state measurement. Unfortunately, the use of spin-states for
photon storage implies that the memory is dead after absorption (and spin transfer) of
the n qubits. And hence, we face the problem that the entanglement distribution rate is
reduced by the ratio between optical storage time and total storage time.
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5.7.2. AFC EFFICIENCY, GENERATION, LIMITATIONS AND FUTURE IMPROVE-
MENT

We found a very promising optical coherence time and demonstrated storage times of
up to 100 µs. However, both the storage efficiency at zero storage time as well as its
scaling with storage time have to be improved to make Tm:YGG suitable for use in a
future quantum repeater. This section deals with issues pertaining to this task.

AFC EFFICIENCY

As derived in detail in [16], the efficiency of an AFC-based memory depends on the opti-
cal depth of the teeth after pumping, d , the remaining optical depth within the troughs
(which we refer to as the background), d0, and the finesse, F. Furthermore, the tooth
width, δ, affects how the efficiency scales with storage time. Assuming that δ is limited
only by the homogeneous linewidth, γh , i.e. δ= 2γh , and using γh = 2/T2 [22], we find

η(τ) =
(d

F

)2
e−

d
F e−d0 e−4τ/T2 . (5.1)

For instance, for a finesse of 2, optical depths d ≈ 1 and d0 ≈ 0.4, and T2=1.1 ms, as in the
storage of single photons, we calculate

η(τ= 43ns) ≈ 10.2%. (5.2)

AFC GENERATION – LEVEL SPLITTING AND TOOTH SEPARATION

Depending on the particular demonstration, we have created our atomic frequency combs
using two different regimes: AFC intrinsic pumping, and AFC extrinsic pumping.

Intrinsic pumping – In the first case, optical pumping results in reduced optical depth
in the troughs of the AFC, and an enhancement of the optical depth within the AFC teeth.
This happens if the spacing between a trough and the neighboring tooth,∆T T , equals the
splitting between a created hole and the neighboring anti-hole, which itself depends on
the difference between the Zeeman splittings of the ground and excited level:

∆T T =∆g e =∆g −∆e = 1/(2τ)

For the 3H6 ↔3H4 transition in Tm:YGG, ∆g ≈ 106 MHz/T and ∆e ≈ 63 MHz/T. Note the
last equation sign, which expresses that the inverse storage time 1/τ equals twice the
splitting between a trough and the next tooth. Note as well that this case implies that
∆T T ≪ ΓAFC , where ΓAFC is the AFC width.

The advantages of working in this regime are that the AFC bandwidth is only limited
by the inhomogeneous broadening of the transition, e.g. 56 MHz in Tm:YGG; and that
the optical depth of the teeth is increased through the pumping procedure. On the flip-
side, the maximum finesse is F=2 [39], which limits the efficiency (see Eq. 5.1).

Given the possibility for GHz-wide AFCs, we have used the intrinsic pumping regime
in our demonstration of single photon storage. In the case of Tm:YGG, the (enhanced)
Zeeman interaction results in∆g e ≈ 43 MHz/T, and the level splitting can easily be matched
with the AFC periodicity for storage times in excess of a few tens’ of nanoseconds. How-
ever, as the storage time approaches microseconds, the requirement for a reduced level



5

96 5. LONG-LIVED STORAGE IN TM:YGG

splittings and hence a smaller magnetic field comes at the expense of lower Zeeman-
level lifetime and less persistence [51], leaving less time to create and use the AFC.

Extrinsic pumping – As a second option, it is also possible to chose ∆g e > ΓAFC ≫
∆T T and to pump population outside the AFC.

This regime allows creating AFCs with higher finesse and hence reduced dephasing,
albeit with generally small bandwidth. Also, the reduction of the optical depth within
the troughs does not result in an increased depth of the teeth, which impacts the storage
efficiency. But note that the use of an impedance-matched cavity allows reaching 100%
efficiency despite the use of a storage material with limited optical depth (see below).

All AFCs used to store laser pulses were created using magnetic fields between 100
and 250 G. Even though this implies that we operated in the extrinsic pumping regime—
the AFC width was at most 0.5 MHz—, we did not take advantage of the possibility to
create AFCs with F>2 since this would have decreased the storage efficiency. Indeed, as
described by Eq. 5.1, a larger finesse benefits the efficiency only in the case of sufficient
optical depth d .

AFC LIMITATIONS AND FUTURE IMPROVEMENT

The measured efficiency for 43 ns-long single photon storage, 0.35%, is much smaller
than the calculated value of 10.16 % in Eq. 5.2. This discrepancy is due to the existence
of sources that cause tooth broadening beyond the value given by T2. We come to the
same conclusion when comparing the decay constant Tm=13.1 µs, extracted from re-
emission of stored laser pulses (see Fig. 3d in the main text), with the T2-limited value of
275 µs.

1. Laser instability – Even though our laser is frequency stabilized, its remaining
linewidth of around 20 kHz starts impacting the storage efficiency at a few mi-
croseconds storage time. To demonstrate efficient storage during 100 µs, a laser
linewidth of around 1 kHz is required – a challenge that have been mastered using
existing technology [52, 53].

2. Magnetic field instability – We also found that magnetic field noise, caused by an
unstable current supply, led to spectral diffusion and hence a further degradation
of the AFC quality. For a magnetic field of around 200 G and 1 sec AFC creation
time, this effect was visible for storage times above 40 µs. Interestingly, the use of
larger magnetic fields—desired to improve the AFC persistence—made this prob-
lem worse, which we attribute to the quadratic Zeeman effect. The quadratic Zee-
man effect was also observed in [54]. The solution to this problem is to use a more
stable power supply or a permanent magnet.

3. Cryostat vibrations – Even though the 500 mK plate inside the cryostat on which
the Tm:YGG crystal was mounted is mechanically isolated from the pulse-tube
cooler, vibrations are expected to add additional decoherence. While its magni-
tude is currently unknown, similar observations have been reported in [21]. Future
improvements include the use of a better cryostat, or better vibration isolation of
the crystal inside [55].
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4. Spectral diffusion due to ion-ion coupling – Spectral diffusion due to atom-atom
interaction is also likely to play a role in the observed memory decay. For in-
stance, a long-range quadrupole-quadrupole interaction between Tm ions may
cause cross-relaxation. The presence of this mechanism has been conjectured in
the case of Tm:YAG, which features the same site symmetry as Tm:YGG [56]. De-
creasing the Tm doping concentration may help reducing the impact of this inter-
action.

An additional cause for perturbation of Tm ions is spin flips in neighboring gallium
ions or by two-level systems [17]. To reduce spectral diffusion caused by vary-
ing magnetic fields at the Tm sites, we have started investigating the possibility of
choosing a magnetic field direction for which the 795 nm Tm transition becomes
insensitive to first order to magnetic field fluctuations [35, 57–60].

5. Imperfect spectral hole burning – Our spectral tailoring sequence, which relied
on sequential optical pumping in one narrow frequency interval after the other,
has furthermore resulted in non-ideal tooth shapes, i.e. teeth with significant
"wings" that cause rapid dephasing. It has been shown that the use of complex
hyperbolic secant pulses allows creating teeth with a more squarish shape, im-
proving the storage efficiency [22, 44].

6. Insufficient optical depth – A general issue is that the optical depth of our crys-
tal is insufficient to absorb all photons – a necessary condition for high-efficiency
storage. As the tooth width is reduced and the finesse increased, this problem be-
comes more and more important (see Eq. 5.1).

First, we note that our AFCs are currently created using uncontrolled, optically and
magnetically inequivalent subsets of Tm ions. Using a better—non-birefringent—
crystal and selecting a specific polarization state at its input will allow optimizing
photon-ion interaction [61], resulting in improved optical depth and memory ef-
ficiency.

Second, and being a more important improvement, the problem of insufficient op-
tical depth can be removed by embedding the rare-earth crystal inside an impedance
matched cavity. This has been shown theoretically and in experiment [31, 40–43].
As a first step towards this goal, we have tailored an AFC for 30µs storage time with
F = 4, see Fig.S 5.6. Using the measured values d0 ≈ 0.005 and d ≈ 0.03, we predict
an internal efficiency of 18%. This would enable a proof-of-principle demonstra-
tion of an elementary quantum repeater link. Naturally, the creation of AFCs with
less background will result in a further increase of the efficiency. See [41] for an
example reaching 56%.

7. AFC background – Remaining optical depth in the troughs of our AFCs resulted
in irreversible absorption and hence photon loss. This was due to insufficient
long optical pumping, insufficient laser power during pumping, or a combination
thereof. To remove this problem, several options exist. First, assuming that we can
reduce the magnetic field fluctuations mentioned above, we can operate at a larger
magnetic field, thereby increasing the persistence of the AFCs and in turn the time
for optical pumping. Second, as has been shown in [46, 62], it is possible to rapidly
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Figure 5.6: A 0.5 MHz AFC for 30 µs storage time with finesse 4

remove atomic population over a large spectral window using intense laser pulses,
and then pump population in narrow spectral intervals back.

5.7.3. FEED-FORWARD MODE MAPPING

PROOF-OF-PRINCIPLE DEMONSTRATION

To demonstrate the possibility for feed-forward mapping between different spectral modes,
we tailored, with the help of PM2, three AFCs spaced by 10 MHz in which spectrally
matched optical pulses were stored. Pulses in different spectral modes were separated
by 20 µs in order to make them distinguishable in time – a necessary feature for analysis
since the filter cavity after the memory erased all spectral distinguishability.

First, we set the resonance frequency of the filtering cavity such that it allowed trans-
mission of the spectral mode at zero frequency detuning– both for the light that was
directly transmitted through the AFC as well as the stored and re-emitted pulse. The
measured signal is depicted in Fig. 4b in the main text in red. At the same time, the
cavity largely suppressed the pulses at 10 and 20 MHz detuning. However, because the
cavity linewidth of 7.5 MHz is comparable with the spectral mode spacing of 10 MHz,
small fractions of the neighboring modes leaked through. This crosstalk is visible in the
peaks in the red-colored signal trace centered at 20 and 40 µs.
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Next, we drove PM3, positioned in-between the memory and the filter cavity, using a
10 MHz serrodyne signal that shifted all pulses emitted by the memory by -10 MHz. Con-
sequently, the signal encoded originally at +10 MHz detuning, depicted in Fig. 4b (main
text) in blue, became resonant with the cavity, resulting in its transmission through the
cavity and the detection of a large peak at 20 µs followed by a smaller peak—the recalled
pulse—5 µs later. As before, some leakage of signals in neighboring modes lead to peaks
at 0 and 40 µs.

Finally, the same experiment was repeated with a serrodyne shift of -20 MHz. The
result is depicted by the magenta-colored signal trace in Fig. 4b in the main text.

EFFICIENCY CONSIDERATIONS

As described above, feed-forward spectral mode mapping requires frequency shifting
and spectral filtering. Below we describe several ways to realize shifting. Note that
none is fundamentally limited in its efficiency. The same holds for the transmission
through a filter cavity for which values of around 97%–only limited by spatial mode-
matching—have been reported (see, e.g.,[63]).

To shift the spectra of the photons emitted from a quantum memory, first, it is pos-
sible to use an electro-optic modulator (e.g. a LiNbO3 phase modulator) driven by a
linearly rising voltage or a sawtooth function (then referred-to as serrodyne modulation
[64, 65]). These methods are employed in the present work and in [7]. Frequency shifts of
tens’ of GHz can be achieved using commercially available devices, and we have demon-
strated internal shifting efficiencies in excess of 90% over such bandwidth (e.g. in [66]).
The device efficiency is furthermore affected by lossy coupling into and out of the mod-
ulator. In the present demonstration with commercial devices, we have achieved a total
shifting efficiency of 0.45 (internal efficiency of 0.9, coupling efficiency 0.5). However,
better mode matching between input/output fiber and waveguide of the modulator may
make it possible to increase this value by a factor of two.

Another approach takes advantage of sum- or difference-frequency conversion in a
nonlinear crystal [67]. It allows frequency shifts beyond 100 GHz, and system efficiencies
in excess of 57% have already been demonstrated [68].

Lastly, arrays of coupled electro-optic micro-resonators can be used, see [69]. Fre-
quency shift efficiencies of 99% have been reported for shifts of 28 GHz, and values up to
100 GHz seem feasible. Efficiencies are again limited by input and output coupling loss,
with combined values up to 34% having been reported for similar devices [70, 71].

5.7.4. MEASUREMENTS OF THE CROSS-CORRELATION COEFFICIENT g (2)
12 (0)

To store classical optical pulses, we created AFCs with a bandwidth of around 1 MHz. But
since the spectrum of the 795 nm photons, created by means of spontaneous paramet-
ric downconversion (SPDC), extends after filtering over 10 GHz, we increased the AFC
bandwidth to 4 GHz. This resulted in a reduced recall efficiency, even for a storage time
of only 43 ns.

The second-order cross correlation function is defined as g (2)
12 (t ) = P12(t )/P1P2, where

P1 and P2 denote the individual detection probabilities for the two photons per photon
pair, and P12(t ) is the probability for a joint (coincidence) detection occurring with time
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Figure 5.7: The lower and upper panels show, respectively, the coincidence-detection histogram and the 2nd
order cross correlation coefficients g 2

12(t ) for transmitted as well as stored and subsequently re-emitted pho-
tons (the storage time was 43 ns). All arrival times are measured with respect to the detection time of the
second member of each photon pair (the herald). The blue dashed line indicates the upper bound for classical
fields of 2.

difference t . We note that the repetition period T of our pump laser is 12.5 ns, giving
rise to “accidental" coincidences at integer multiples of T (see Fig. S5.7). Since these
coincidences are proportional to P1P2 in the case of spontaneous parametric downcon-
version, the cross correlation coefficient can be calculated by taking the ratio of “desired"
coincidence detections—in our case for t=0 ns and t=43 ns—and accidental detections:
g (2)

12 (t ) = R(t )/〈R(t +12.5ns)〉n where “〈..〉n" denotes averaging over several repetition pe-
riods n. Analysing the coincidence histogram, we find g 2

12(43ns) = 4.58 ± 0.46, which
surpasses the classical upper bound of 2 by 5.6 standard deviations. This result demon-
strates the quantum nature of our memory.
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6
TOWARDS A MONOLITHIC,

ALIGNMENT-FREE AND

HIGHLY-EFFICIENT QUANTUM

MEMORY FOR LIGHT

Antariksha Das, Jacob H. Davidson, Anna L. Tchebotareva, Wolfgang Tittel

Building quantum repeater-based quantum networks requires high-efficiency and multi-
mode quantum memories for light with sufficient storage time to allow for feed-forward
control. While a lot of progress has been reported over the past decade, all demonstrations
were of the proof-of-principle type, making scaling to large networks impossible. Here
we investigate a monolithic and alignment-free (pre-aligned) solid-state quantum mem-
ory based on a thulium-doped Y3Ga5O12 (Tm:YGG) crystal. Simulations using realistic
parameters suggest that this device is suitable to achieve efficient and faithful storage of
single photon qubits with high multi-mode capacity for quantum networking.

Large portions of this chapter will be submitted to a journal.
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6.1. INTRODUCTION

To reach high storage efficiency in the AFC protocol, a large optical depth of the storage
medium - here thulium-doped crystals - is required. This allows enhanced light-matter
interaction, and thus a high probability of absorption and emission. There are different
ways to increase the optical depth of the quantum memory in order to improve effi-
ciency. For example, one can use crystals with higher doping concentrations of ions, in-
crease the length of the crystal, or select rare-earth elements with optical transitions that
have high oscillator strength. However, one can increase the doping concentration only
to a certain level. Beyond that, it only increases the inhomogeneous linewidth and not
the absorption coefficient [1]. Increasing the length of the crystal is also not a promis-
ing solution, as this would bring many technical complexities and a very long crystal is
inconvenient to integrate with other miniaturized quantum hardware. Furthermore, we
would not want to exclude rare-earth elements with very good coherence properties just
because they have low oscillator strength of transition. One promising way to solve this
issue is to embed the crystal within an asymmetric impedance-matched optical cavity
[2, 3]. Impedance matching means that the transmission from the first mirror matches
the round-trip loss inside the cavity (this loss comes from the absorption of the crys-
tal and the second mirror transmission); in this case, there would not be any reflection
from the cavity. If the second mirror is highly reflective (preferably 100% reflectivity),
nothing is transmitted through the cavity either. Thus, all energy would be absorbed by
the crystal inside the cavity.

6.2. IMPEDANCE MATCHED CAVITY

The “impedance matching" term was first used in radio frequency electronics, where it
refers to the condition that the reflected power from a load is minimum or the power
transfer to the load is maximum. When used in an optical cavity, it means that the light
reflected from the input mirror of a cavity is minimized by adjusting the reflectivity of
the cavity mirrors [4–7].

Figure 6.1: A schematic diagram of a Fabry-Perot cavity. (The Figure is adapted from [7])

Here, we consider a Fabry-Perot cavity composed of two mirrors, M1 and M2, spaced
by a distance L, with reflectivity R1 and R2, as shown in Figure 6.1. Without loss of gen-
erality, the round-trip loss inside the cavity is set to 1−R2e2αL . At steady state, the circu-
lating field inside the cavity, Ecirc can be written as the sum of two parts: the incoming
field that is transmitted through the input mirror Ei n t1 and the circulating field after one

round trip at the same point, Ecirc e−2αL−iω 2L
c (see the black dot in Figure 6.1) with
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Ecirc = Ecirc r2r1e−2αL−iω 2L
c +Ein t1 (6.1)

Here, r1 =p
R1 and t1 =p

1−R1 are the reflection and transmission coefficients for the
input mirror M1. Similarly r2 and t2 are the reflection and transmission coefficients for
the rear mirror M2. From Equation 6.1, the circulating field inside the cavity and the
transmitted field after the second mirror can be written as,

Ecirc = Eint1

1− r2r1e−2αL−iω 2L
c

(6.2)

Etrans = Ecirct2 (6.3)

The reflected field can be written as a sum of two parts, the directly reflected field
from the front mirror: E1 = −r1Ein and the field leaking out from the circulating field

inside the cavity through the front mirror: E2 = Ecirc t1r2e−2αL−iω 2L
c . Since the electric

field is reflected from a boundary with a higher refractive index, we put a minus sign in
E1 to represent the 180◦ phase shift of the reflected field relative to the incident field. The
reflected field then can be expressed as,

Erefl = E1 +E2 (6.4)

Depending on the reflected field, there are three possible scenarios: under-coupled,
over-coupled, and impedance matched. Under-coupling and over-coupling conditions
take place when the reflected field is dominated by the directly reflected field, E1, and
the field that leaks out from the cavity, E2, respectively. Impedance matching is satisfied
when the two fields E1 and E2 have equal amplitude, but the overall reflected field is zero
since they have opposite phases and no power is reflected. They can be described by the
following equations:

• Cavity is under coupled: R1 > R2e−2αL

• Cavity is over coupled: R1 < R2e−2αL

• Cavity is impedance matched: R1 = R2e−2αL

In Fig.6.2, we consider an absorbing rare-earth-ion crystal inside the cavity and plot
the reflected intensity as a function of the light frequency and the optical depth of the
medium. We assume the front mirror reflectivity is R1 = 0.82, and the back mirror reflec-
tivity R2 = 0.99. The Figure shows the reflected intensity goes to 0 only when the light is
in resonance with the cavity and the cavity is impedance matched. In other words, when
the impedance matching criterion is satisfied, the round-trip absorption by the ions is
matched with the transmission from the first mirror, i.e 1−R1 = 1−e−2αL .

Since there is no reflection or transmission from the cavity, all incoming light will
be absorbed by the ions and 100% energy transfer from the photon to the ions can be
achieved. So a weakly absorbing material inside an impedance-matched cavity would
behave like a highly absorbing material, which is required to obtain high storage effi-
ciency in a quantum memory.
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Figure 6.2: The reflected intensity is plotted as a function of the frequency of the incoming light and the optical
depth of the medium. The cavity is impedance matched when the round-trip absorption by the medium is
matched with the transmission from the first mirror.

6.3. QUANTUM MEMORY EFFICIENCY IN AN IMPEDANCE-MATCHED

CAVITY
For a single pass crystal, the memory efficiency can be expressed as

ηAFC
single-pass = d̃ 2 exp(−d̃)exp(−d0)ηdeph (6.5)

where d̃ is the optical depth, averaged over the input photon bandwidth. For square
peaks d̃ = d/F , where F is the comb finesse F = ∆/γ. The factor ηdeph accounts for
the dephasing due to the finite width of the peaks. For square peaks it can be written

as ηdeph = sinc2(π/F ) and for gaussian AFC peaks ηdeph = e−
7

F 2 . The efficiency of a
single-pass memory, where the output echo is emitted in the same mode as the input
is bounded by 54% due to the re-absorption of the echo, which is accounted for by the
factor exp(-d̃) in the equation above.

To overcome the weak absorption of the crystal, it was proposed to use an optical
cavity around the crystal and operate it in the impedance-matched regime [2, 3]. The
impedance-matching condition is given by R1 = R2 exp(-2d̃) exp(-2d0). Hence, in the
presence of a cavity, the AFC memory efficiency can be expressed as [8]

ηAFC
cavity =

 2(1−R1)
p

R2(
1−pR1R2e−( d

F +d0)
)2

2 (
d
F

)2
e−2( d

F +d0)ηdeph

where ηdeph describes the reduction in efficiency due to the finite individual teeth width
of the frequency comb. If the cavity is lossless, d̃ ≪ 1, and the input photon bandwidth
is much smaller than the cavity linewidth (FWHM), one can show that in an impedance-
matched cavity, the AFC memory efficiency is only limited by the intrinsic dephasing
ηdeph
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ηcavity = ηdeph (6.6)

However, in practice, ηcavity is limited by the quality of the spatial interference be-
tween all the modes of the cavity. If the light is out of resonance or if the cavity is empty,
all the incoming light would be rejected.

6.4. EXPERIMENTAL SETUP
The memory cavity-crystal is made of a 1.4 cm long 1% Tm: Y3Ga5O12 (Tm:YGG) crys-
tal and placed in an ADR-based cryostat operating at a temperature of 600 mK. The end
facets of the crystal are reflection coated, with reflectivities R2 = 99% on the rear and R1

= 82% on the front side. The reflectivity value for the front facet is chosen to allow for
impedance matching at the 795.32 nm Tm:YGG absorption wavelength by meeting the
condition R1 = R2 exp(-2d̃), with d̃ the average optical depth across the cavity resonance
bandwidth. To facilitate the use of the cavity-crystal quantum memory in a practical
quantum repeater setting, its input is pigtailed to a single-mode fiber for 795 nm wave-
length (see Inset 2 of Fig.6.3). The in-out coupling efficiency of the cavity-crystal system
is only 22-24%, which is the only major limitation of our novel design. There is also spa-
tial mode mismatching because the curvature of the rear mirror does not match that of
the input laser beam width.

Locking Cavity

PM1

Cryostat

795 nm Laser

EOM

AOM

500mK

CCDWaveplate

Lens

PBS

Tm:YGG Cavity

795.325nm

mI=+1/2

3H6

3H4

mI=-1/2

mI=-1/2

mI=+1/2

R
2 =

 0.99

B

PD

Optical 
Circulator

R
1 =

 0.82

1%Tm:YGG

1.4 cm

Figure 6.3: A schematic diagram of the experimental setup: AOM: acousto-optic modulator; EOM: electro-
optic modulator; PD: photodetector to collect the reflected light from the cavity; CCD: charge-coupled device
camera; B: Magnetic field. Inset 1: Simplified energy level diagram of the 3H6 → 3H4 optical transition of Tm3+
in Y3Ga5O12. Only the lowest crystal field levels of each electronic manifold are shown. Inset 2: A schematic of
the cavity-crystal and the real device of 1.4 cm long Tm:YGG cavity-crystal.

A schematic of our setup is presented in Fig.6.3. The light propagates along the 1.4
cm-long < 110 > axis of the crystal and its polarization is linear at the crystal input, or-
thogonal to the < 111 >-direction. A magnetic field is applied parallel to the < 111 >-
direction using a superconducting solenoid. The magnetic field strength is detected us-
ing a Hall sensor mounted directly above the crystal.

The optical pulse sequence for our measurements is obtained from a continuous-
wave external-cavity Toptica DLPro tunable diode laser emitting at 795.32 nm (vacuum)
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to address the 3H6 → 3H4 transition of Tm3+ ions in the crystal. A programmable pulse-
blaster controls the timing sequence. The light is gated and shaped with a single-pass
free-space acoustic-optic modulator (AOM). The 1st order diffracted light beam from the
AOM is sent through a series of optical components (waveplates and polarizing beam-
splitter) and a phase modulator (PM) where the frequency of the light is shifted through
a serrodying signal created by an arbitrary waveform generator (AWG). The reflected sig-
nal from the Tm:YGG cavity-crystal is collected using an optical circulator and detected
using an amplified silicon photodetector.

A small fraction of the light from the diode laser is used to frequency lock the laser
to a high finesse cavity using the Pound-Drever-Hall method [9]. For good stability, the
frequency stabilization setup is kept on a separate optical breadboard and isolated from
the main optical setup. After passing through an electro-optic modulator (EOM)—for
the creation of frequency sidebands—, the light beam is sent through a series of opti-
cal components for proper coupling into the temperature-stabilized high-finesse optical
cavity. This allows us to obtain a narrow laser linewidth of a few tens of kilohertz.

6.5. RESULTS
In the following section, we describe the initial characterizations of the memory. First,
we examined how cavity resonances interact with the Tm:YGG absorption profile. To
capture the cavity resonances of the Tm:YGG cavity-crystal system, we slowly swept the
laser frequency across the inhomogeneous Tm absorption line centered at 795 nm. As
shown in Fig.6.6, the reflected spectra of different cavity resonances were detected and
normalized to the input light intensity. The free spectral range of the cavity-crystal is
measured to be around 6.2 GHz, which is in accordance with the theoretical predic-
tion. The cavity resonances are convoluted with the 55 GHz inhomogeneously broad-
ened Lorentzian absorption profile of the Tm:YGG, centered around 795.32 nm [10, 11].
The full-width-at-half-maximum (FWHM) linewidth of the cavity mode near the cen-
ter of the inhomogeneously broadened Tm:YGG absorption line is around one GHz. On
the other hand, far away from the center of the inhomogeneously broadened Tm:YGG
absorption line, since the absorption by Tm3+ ions is low, the FWHM linewidth of the
cavity mode is around hundreds of MHz. We note that the reflected intensity at the cav-
ity resonances decreases and reaches a minimum at the wing of the absorption profile
of the Tm:YGG. Given the front mirror reflectivity R1 = 82% and back mirror reflectivity
of R2 = 99%, the impedance-matching condition, R1 = R2 exp(-2d̃), is satisfied for optical
depth d̃ ≈ 0.1. This holds true at wavelengths 795.22 nm and 795.43 nm. Outside the
absorption line, the intensity at the cavity resonances increases again.

As emphasized above, the impedance matching condition is fulfilled when the light
is in resonance with the cavity and the reflected intensity goes to 0. Thus, it is very impor-
tant to identify the center of the cavity resonances. To do that, first, we tune our laser to a
specific cavity mode of the Tm:YGG cavity-crystal and then we burn a 2 MHz broad spec-
tral hole at many different frequencies within that specific cavity mode. We observe that
the spectral holes have an asymmetric lineshape. Depending on the frequencies where
we burn our spectral hole, the degree of asymmetry in the spectral lineshape changes.
To account for that we fit the spectral holes using the expression in Eq.6.7 for Fano res-
onances [12]. Fano resonances are widely studied in nanophotonics and arise from the
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Figure 6.4: The measured reflection spectra (blue) of the Tm:YGG cavity-crystal system (left Y axis). The simu-
lated Lorentzian profile (orange) shows the absorption of the Tm:YGG crystal without cavity (right Y axis).

constructive and destructive interference of a narrow discrete resonance with a broad
spectral line or continuum [13]. A Fano resonance exhibits a distinctly asymmetric shape
with the following functional form:

f (F,γ,ω0) =
(
Fγ+ω−ω0

)2

(ω−ω0)2 +γ2
(6.7)

where ω0 and γ are standard parameters that denote the position and width of the res-
onance, respectively and F is the so-called Fano parameter, which describes the degree
of asymmetry.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 6.5: 2 MHz wide spectral holes are burned in the absorption line of the Tm:YGG cavity-crystal at different
frequencies for a distinct cavity mode. As we start approaching the center of the cavity mode from (a)-(c), the
spectral lineshape becomes more symmetric. in (d), we hit the center of the cavity mode. As we start moving
away from the center, the spectral lineshape becomes asymmetric again, as described in (e)-(h).

As shown in Fig.6.5(a), the spectral lineshape of the 2 MHz broad spectral hole is
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asymmetric and fits well with the Fano equation. As we start approaching the center
of the cavity mode from Fig.6.5(a)-(c), the spectral lineshape becomes more symmetric.
Then we hit the center of the cavity mode and the spectral lineshape of the spectral hole
becomes symmetric with a Fano parameter very close to 0. As we start moving away from
the center, the spectral lineshape becomes again asymmetric, as described in Fig.6.5(e)-
(h). The degree of asymmetry in the spectral lineshape or the Fano parameter (F) guides
us to find the center of the cavity modes.

Figure 6.6: The fitted Fano parameter is plotted as a function of frequency detuning for a distinct cavity mode.
The red circle indicates the value of the Fano parameter where we hit the center of the cavity mode.

To demonstrate the storage of classical laser pulses in our cavity-assisted Tm:YGG,
we implement the atomic frequency comb-based quantum memory protocol [14]. Even
though we were able to store classical laser pulse up to 60 µs of storage time, the storage
efficiency was only a few percent [15]. This was mainly limited by the low in-out device
coupling efficiency of 22-24%. In the future, we must improve this coupling in order to
make an efficient cavity-assisted AFC quantum memory out of Tm:YGG crystal.

6.6. CONCLUSION
To summarize, we have demonstrated cavity-enhanced light-matter interaction in a mono-
lithic and fiber-coupled cavity that can allow storing quantum states of light with high
efficiency. To further improve key properties, several modifications are required. First,
to reach an efficiency close to 100%, we need to improve the in-out device coupling ef-
ficiency. In addition, the finesse of the AFC has to be increased. As this is only pos-
sible if the total AFC width is smaller than the ground state splitting, in our case, 40
MHz/T, this limits the available bandwidth per spectral channel, implying the need for
suitably adapted sources of quantum light. In principle, our fully fiber-pigtailed, cavity-
enhanced Tm:YGG quantum memory can be integrated efficiently into the quantum re-
peater architecture outlined in [16].
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7
CONCLUSIONS AND OUTLOOK

In this chapter, I will summarize the results of this thesis. This is followed by a brief dis-
cussion on further improvements, and the proposal of some interesting future projects.
Finally, I conclude this thesis with some remarks on the impact of the research findings on
the study of thulium-doped YGG, optical quantum memories, and frequency multiplexed
quantum repeaters.

7.1. SUMMARY OF RESULTS
This thesis describes progress in creating and improving optical quantum memories us-
ing a thulium-doped garnet for use in frequency multiplexed quantum repeaters. In
particular, it focuses on improvements to memory storage time and memory recall effi-
ciency.

The work described in my thesis marks a significant advance in the development of
optical quantum memories. Yet, substantial theoretical and experimental work remains
before it will lead to applications that can be used in actual practice.

• Chapter 3: We perform an in-depth spectroscopic investigation of the 795 nm
transition in Tm:YGG. The population and the decoherence dynamics are stud-
ied at temperatures as low as 500 mK. We measure the magnetic field dependent
spectral diffusion finding that in the presence of a few hundred Gauss, this crys-
tal offers an optical coherence time exceeding one millisecond and a ground-state
Zeeman-level lifetime as long as tens of seconds. By taking advantage of these
two unique spectroscopic properties, we implement a persistent atomic frequency
comb (AFC) quantum memory protocol to demonstrate multiplexed storage of
classical laser pulses in the temporal and spectral domains.

• Chapter 4: We conduct an in-depth study of frequency-dependent rate equations
to understand, improve and optimize the optical pumping process for creating
efficient atomic frequency comb-based memories in Tm:YGG. The modeling and
the findings of this chapter provide a recipe for burning well-understood spectral
features and atomic-frequency-comb quantum memories in this material.
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• Chapter 5: We show the storage of classical laser pulses for storage times up to
100 µs, simultaneous storage of light pulses at multiple frequencies, as well as a
proof-of-principle demonstration of frequency selective read-out for frequency
multiplexed quantum repeaters using a Tm:YGG optical memory. These results
show the promise of Tm:YGG as long-lived optical quantum memory for frequency
multiplexed quantum repeater architectures without the need for AFC spin-wave
storage.

• Chapter 6: We address the experimental limits imposed by our memory system,
indicating routes for improvement in memory parameters. We discuss the pos-
sibility to use a monolithic impedance-matched cavity quantum memory to im-
prove the storage efficiency in Tm:YGG. Our results suggest a path to high-efficiency
quantum memories based on impedance-matched cavity AFC protocol in the Tm:YGG
crystal.

7.2. POTENTIAL FUTURE PROJECTS
• Improvements to the current thulium-based quantum memory.

In terms of two-level AFC quantum memories, Tm:YGG is one of the most promis-
ing and attractive candidates. But there is still a lot of room for the improvement
of our particular thulium-based quantum memory using the AFC-based memory
scheme.

1. Microwave spectroscopic investigation of Tm:YGG. With the addition of mi-
crowave control to our system, we gain control of the spin population in the
YGG lattice [1, 2]. We can address different ensembles of ions within the crys-
tal and initialize the population on a smaller timescale compared to the long
optical lifetime of this material. It can be possible to improve two-level opti-
cal AFC storage using RF pulses with appropriate frequency and magnitude,
applied to the spin transition to maintain good optical coherence[1].

2. Spectroscopic investigations and optical decoherence dynamics in Tm:YGG
at millikelvin temperatures. The experiments discussed in this thesis are
performed at a temperature of 500 mK- 600 mK. Decreasing the tempera-
tures further may not only improve the coherence time T2 but also the stor-
age efficiency, by increasing the spin lifetime. Spectroscopic investigations of
a Tm:LiNbO3 bulk crystal furthermore show that spectral diffusion decreases
when lowering the temperature[3]. This implies the possibility to extend the
storage time beyond 100 µs.

Spectral diffusion due to ion-ion interaction, for example, a long-range quadrupole-
quadrupole interaction between Tm3+ ions, is likely to play a role in the ob-
served memory decay [4]. The presence of such mechanisms has been con-
jectured in the case of Tm:YAG, which features the same site symmetry as
Tm:YGG [5]. Decreasing the Tm doping concentration may help reduce the
impact of this interaction.

3. Improved coherence and storage using optical clock transitions in Tm:YGG.
We note that the AFCs discussed in this thesis are created using uncontrolled,
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optically, and magnetically inequivalent subsets of Tm3+ ions. There are six
subgroups of magnetically inequivalent Tm3+ ions in the YGG lattice with dif-
ferent local orientations. Small magnetic field fluctuations in the crystalline
environment of the YGG lattice due to surrounding nuclear spins or an unsta-
ble current supply used to create an external magnetic field can cause spec-
tral diffusion and hence a reduction of the optical coherence time. To reduce
spectral diffusion caused by varying magnetic fields at the Tm sites, it would
be best to choose a specific site by means of direction and polarization of the
light beam and a magnetic field direction for which the 795 nm Tm transition
becomes insensitive to first-order magnetic field fluctuations. These transi-
tions are often referred to as ZEFOZ (ZEro First-Order-Zeeman) transitions
[6–9] or the optical clock transitions. It can be extremely useful for reduc-
ing decoherence due to noisy magnetic fields. These clock transitions exist
in Tm:YGG [10]. Cutting the Tm:YGG crystal along the ZEFOZ axis can cer-
tainly improve the optical coherence time and hopefully would allow optical
storage of beyond 100 µs.

4. Better crystal growth. The Tm:YGG crystal that we used for our experiment
is birefringent which is inconsistent with the crystal symmetry and suggests
imperfect crystal growth. Using a non-birefringent crystal and selecting a
specific polarization state at its input will allow for optimizing photon-ion
interaction, resulting in improved optical depth and memory efficiency.

5. Highly efficient impedance-matched cavity quantum memory in Tm:YGG.
As discussed in chapter 6, the storage efficiency of quantum memory must
be enhanced in order to be used in practical quantum networking purposes.
To counter the effects of the limited optical depth of the used Tm:YGG crystal
for our experiment, the light-atom interaction has to be enhanced using an
impedance-matched cavity. This also removes the problem of re- absorption
of photons that are emitted in the forward direction.

• Telecom-compatible quantum memory in Tm:YGG.
Telecom wavelength-compatible quantum memories are interesting because they
can be integrated efficiently into the existing fiber-optic communication infras-
tructure without the need for any frequency conversion. Other than erbium, thulium-
doped crystals can be a potential candidate in this regard. In Tm3+, the non-
ground state transition from the 3F4 to 3H4 level is around 1450 nm wavelength.
In this case, the 3H6 ground state can act as a shelving level for AFC-based quan-
tum memories. As the transition frequency from the 3H6 to the 3F4 level is on the
order of 100 THz, in cryogenic temperature, there will not be any phonon-induced
population relaxation between these two levels. Thus, optical pumping can be
performed efficiently.

• Spectro-temporal storage and on-demand readout in Tm:YGG.
Although this thesis focuses on 2-level AFC quantum memory and its role in frequency-
multiplexed quantum repeaters, in practice, multiplexing across all possible de-
grees of freedom, including time and space will be required to counter entangle-
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ment distribution rate-vs.-distance decay. In this context, it is important to cre-
ate quantum memories that are compatible with any multiplexing strategy. We
demonstrated long-lived storage along with spectral multiplexing in Tm:YGG. Us-
ing the 2-level AFC [11], the maximum storage time obtained from our memory
is 100 µs. It may be possible to further improve the storage time and achieve on-
demand recall by temporarily transferring the optical coherence between the 3H6

and 3H4 levels to coherence between the 3H6 and 3F4 levels, similar to the trans-
fer of coherence in spin-wave AFC protocol [12]. Furthermore, this will also allow
us to store many temporal modes simultaneously. For this reason, the coherence
properties and the suitability of the 3F4 state for such a transfer need to be inves-
tigated. Combining the 2-level AFC protocol with a controlled reversible inhomo-
geneous broadening-based quantum memory approach would also allow one to
prevent the pre-set rephasing of coherence by adding controlled inhomogeneous
broadening of each AFC tooth. Rephasing would only occur after reversing the
process, and readout would be possible on-demand.

Along with the quantum memory, finding effective methods to construct frequency
multiplexed sources and frequency-resolved Bell state measurements[13–16] are
required in order to demonstrate frequency multiplexing for a full elementary link
which remains a key goal.

• Improvements of the source.
For our quantum repeater application, ideal single-pair entangled photon sources
have to be used if resources should remain reasonable. Emitters, such as those
based on parametric down-conversion or four-wave mixing, are convenient testbeds
and good for initial demonstrations but also emit multiple pairs that reduce fideli-
ties [17]. Some promising pair sources that would be suitable in this regard are
quantum dots [18–20].

• Improvement on the Bell-state measurement.
The efficiency of a linear optical Bell-state measurement can be enhanced if im-
plemented through controlled-phase quantum gates [21] or auxiliary photons [22–
25]. Quantum gates could be implemented using optical-to-microwave conver-
sion protocols, thereby benefiting from superconducting quantum circuits.

For quantum memories, further testing, and development of rare-earth-ion-doped
crystals are needed to identify further improved material candidates. We must explore
all the possibilities to improve device performances, but also consider that a quantum
device will never achieve its desired performance in every single aspect. Advanced quan-
tum applications will be comprised of multiple components, it is likely that certain de-
vices may need to compensate for the drawbacks of others; perhaps resulting in a trade-
off of overall performance [26].

7.3. OUTLOOK
Rare-earth-ion-doped materials are widely used in a number of different technologies
today [27–33]. Thulium-doped garnets, in particular Tm:YGG, is one of the most promis-
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ing materials because of the long optical coherence time and easily accessible optical
transition, within the range of commercial diode lasers. Its simple energy level structure
compared to other rare earth-doped materials makes it straightforward to use. The only
drawback is likely to be the gallium spins or additional magnetic impurities in the crys-
talline environment. This can affect the coherence properties of the material in presence
of a magnetic field when it is favorable to create long-lived persistent spectral structures.
For example an AFC for long-lived optical storage. However, they can also become a
resource if used correctly [34, 35].

Further research is required to set the stage for a bright future of both fundamental
and practical discoveries. In the coming years, we can expect to see functional quantum
networks over large distances. We can hope that this research will bring together sci-
entists, engineers, and researchers from various disciplines and across the governments
and industry. It will likely to generate new opportunities, ideas, and avenues for innova-
tion, while simultaneously garnering public awareness of the exciting quantum world.

This thesis covers a small part of the required components that are needed to develop
quantum communication technology.
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