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"Any sufficiently advanced technology is indistinguishable from magic."

– Arthur C. Clarke
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ABSTRACT

Optical quantum communication represents a new generation of information technology,

with applications from quantum cryptography for secure communication to shared quantum

computing resources for solving novel computational problems. However, quantum memory

is required to facilitate synchronized operations across long communication channels. Erbium

(Er) is an ideal defect for such quantum memory applications: Er emits in the telecom C-

band, exhibits spin coherence times in excess of a millisecond in the literature, and can be

integrated into a variety of crystalline materials. In this thesis, we initiate development of

erbium-doped cerium dioxide (CeO2) thin films on silicon as a quantum memory platform,

finding half-microsecond spin and optical coherence times even in un-optimized CeO2 thin

films. We additionally discuss integration of CeO2 onto other substrates, and selection of

other material hosts based on additional criteria such as Er optical emission rate.

To benchmark Er-doped CeO2 (Er:CeO2), we grow thin films of Er:CeO2 on (111)-

oriented silicon by molecular beam epitaxy (MBE) with a range of Er doping levels. Mi-

crostructural characterization confirms the structure of the CeO2 host, while Er spin mea-

surements confirm its embedding into the CeO2 matrix. Characterization of the Er optical

spectrum additionally confirms the remainder of the energy level structure relevant to our

work. We establish a baseline for this material in the context of key metrics for rare-earth

doped defects systems: as-grown CeO2 films on silicon with 2-3 ppm Er doping show spin

linewidths as narrow as 245(1) MHz, optical inhomogeneous linewidths down to 9.5(2) GHz,

and an optical excited state lifetime as long as 3.5(1) ms. To complete our benchmark of

Er:CeO2, we find a homogeneous linewidth of 440 kHz for the Y1-Z1 optical transition, and

Er spin coherence of 0.66 µs in the single-ion limit. These coherence times, currently limited

by grown-in defects and high Er doping concentrations, may be increased through optimiza-

tion of our CeO2 growth conditions and heterostructure design – but are already sufficiently

long to warrant further exploration of MBE-grown Er:CeO2 as a quantum memory platform.
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We additionally explore CeO2 on (001)-oriented substrates, for increased compatibil-

ity with standard nanofabrication platforms such as silicon-on-insulator (SOI). We found

that, when grown on Si(001) or (001)-oriented strontium titanate (STO), the inhomogeneous

linewidth and spectral diffusion linewidth of Er:CeO2 are both broader than on Si(111). We

also find that the multiple domains of CeO2(110) that result upon Si(001) substrates do

not appear to cause additional inhomogeneous broadening when compared to single-crystal

CeO2(001) on STO(001), corroborating similar results in other materials. We aim to identify

a route towards improving optical properties of CeO2 on Si(001) to match or surpass those

found on Si(111), again with an eye towards future integration on (001)-oriented SOI.

Finally, through high-throughput computational methods, we compute oscillator strengths

for Er embedded in ∼58,000 materials to identify which hosts result in higher optical relax-

ation rates. We find that careful host selection could lead to order of magnitude greater Er

emission rates compared to current hosts of interest such as CeO2. Combined with nanopho-

tonics engineering, we speculate that this could push Er-based quantum memory into the

1 GHz bandwidth regime. The next step for this project is to obtain Er-doped samples of

promising hosts to experimentally confirm their brightness, and thus verify our host selection

process using this technique.

Over the course of this thesis we have taken three major steps in the advancement of quan-

tum communication, taking a defect-first approach towards development of our chosen plat-

form. We have identified a viable quantum communication qubit platform in Er:CeO2(111)

grown on Si(111); we have extended the viability of Er:CeO2 integration to include Si(001)

substrates; and we established computational survey techniques to target additional mate-

rials that could provide alternative benefits such as faster optical transitions – all in the

development of rare-earth based quantum communication technologies.
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CHAPTER 1

INTRODUCTION

1.1 The goal of quantum communication

The field of quantum communication represents a new generation of information technology,

with applications from quantum cryptography for secure communications to shared quan-

tum computing resources for solving novel computational problems.1 Long-distance com-

munication is best performed by using photons as "flying qubits" that may be used to link

stationary qubits, per the DiVincenzo criteria.2 Indeed the most-explored communication

modes of using ground-to-satellite communication3,4 or transmission through optical fibers5

with photons as the carrier for quantum states.

However, any sort of photonic communication is inherently limited by the optical attenu-

ation of the transmission medium. For example, telecom C-band photons with a wavelength

of ∼ 1.5 µm are minimally attenuated in telecommunication optical fiber at a rate of ∼ 0.2

dB per kilometer, translating to a 1 in 10 chance of a single photon successfully navigating

a mere 30 miles of fiber.6 In classical communication this issue would be mitigated with

intermittent amplifiers, but for quantum communication, where the duplication of states is

forbidden by the no-cloning theorem,7 this poor likelihood of transmission is instead miti-

gated by adding "quantum repeaters". Quantum repeaters act as intermediaries for entan-

gling two ends of a long channel, with transmission lines being divided into short, low-loss

segments with repeaters in between.8,9

First-generation quantum repeaters will likely use either heralded entanglement genera-

tion or heralded entanglement purification procedures for overcoming loss or operator errors,

respectively.10 In both cases, the procedure for entanglement distribution will require (1)

interconversion between flying and stationary qubits and (2) storage of quantum states while

awaiting operations at other nodes of the network. Quantum memory is therefore funda-
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mental to quantum repeater construction per the latter requirement, though it must satisfy

both of these in order for quantum communication networks to become a reality.

In this thesis, we focus our interest on the development of quantum memory meant to in-

terface with terrestrial optical fiber networks, with an eye to future development of metropoli-

tan scale quantum networks. Such transmission lines are already in use by telecommunica-

tions companies for classical communication, and using existing infrastructure removes a

significant barrier to the initial setup and testing of quantum communication protocols.

Projects such as the quantum loop testbed between Argonne National Laboratory and the

University of Chicago11 are studying exactly such a pre-existing system, to the benefit of

quantum communications research now made directly applicable to real-world solutions.

1.2 Developing quantum memory platforms for quantum

communication

The specific implementation of quantum memory platforms for interfacing with terrestrial

optical fiber networks, such as the quantum loop testbed, is still an open question. How-

ever, for quantum communication applications, there are a set of criteria that guide our

implementation choices.

The first criterion is that of the wavelength of photon to be used. We certainly want to

use photons as our information carrier, since optical photons are easily delivered over long

distance with minimal loss. In particular then, we want 1.5 µm wavelength photons to be our

interface, since that is the wavelength at which optical fibers have minimum attenuation.6

However, this still leaves us with a large number of possible quantum memory systems to

choose from.12,13

Our second criterion is implied by the concept of metropolitan-scale light-based com-

munication: a storage qubit in such a network must have a long coherence time, such that

information can be held for the duration required for light to travel between nodes – for ex-

2



ample, to await synchronized swap operations.9 For example, Chicago to Detroit is a ∼ 400

kilometer journey, in excess of a light-millisecond. As such, a quantum memory for optical

fibers connecting metropolitan distances with a quantum communication network require

coherence times in excess of a millisecond.

The third criterion is that we want our quantum memory qubit to be integrated into a

solid-state system. This is primarily so that our quantum memory platform may eventually

be integrated with semiconductor devices for on-chip memory control, photon detection,

and multiplexing operations – all necessary for participating in a robust, complex quantum

networking operation.

Putting these three criteria together, we identify erbium as an ideal qubit defect for

quantum communication-focused quantum memory applications. Erbium emits at 1.5 µm,14

is demonstrated in the literature to have coherence times in excess of a millisecond in its

spin transition,15,16,17 and can be integrated into a large variety of crystalline materials via

a multitude of methods.18,19 As a valuable side effect of selecting erbium, working with a

rare-earth ion such as erbium allows us to leverage the past several decades of spectroscopic

study of rare-earths for lasing and other applications – work that may now be brought to

bear on the grand scientific challenge of quantum communication.

1.3 Motivation for erbium-doped oxide thin films

Having selected erbium (Er) as our quantum memory defect of choice, we then must iden-

tify the host into which erbium shall be placed. The intrinsic spin-photon interface and

long coherence times of erbium14 have inspired an array of studies for Er integration into

solid-state hosts – including systems such as Er:TiO2,
20,21,22 Er:Y2O3,

23,24 Er:CaWO4,
16,25

Er:Y2SiO5,
15 Er:MgO,26 Er:YVO4,

27 Er:LiNbO3,
28 and Er:Si29,30 in order to explore de-

sirable characteristics of the various hosts, and how those characteristics interplay with the

suitability of Er as a memory defect.

3



To select an optimal host for quantum communication purposes, we recall our second

criterion from the previous section – we are interested in maximizing the coherence time

of our quantum memory defect. We anticipate the use of the erbium electron spin as our

storage state, and so optimizing the electron spin coherence of the trivalent Er ion (Er3+)

for quantum memory applications necessitates selection of an environment with minimal

decoherence sources. A recent computational study identified that cerium dioxide (CeO2)

is an optimal host for maximizing electron spin coherence,31 due to the near-zero natural

abundance of nuclear spins in its constituent elements.32 Indeed, oxide hosts in general

represent a class of materials well-suited for enabling long coherence times.31

We also must consider the form taken by our solid state host. While bulk oxide crystals

present largely defect-free environments, Er-doped thin film hosts, including wide band-gap

oxides grown on silicon, have begun to be demonstrated as a promising quantum memory

platform due to their compatibility with established semiconductor platforms23,21 and the

potential for scalable on-chip integration.33,34,22

With thin films on silicon as a viable avenue towards chip-scale integration, CeO2 is

additionally attractive as a host for Er3+ due to having a lattice constant (5.41 Å) close to

that of Si (5.43 Å).35

Thus we have converged upon a quantum memory platform to develop: trivalent erbium

(Er3+) doped into cerium dioxide (CeO2) thin films integrated atop silicon substrates.

1.4 Scope of this thesis

This thesis is divided into three main parts.

This introduction plus Chapters 2 through 5 comprise the first part, and include the

background necessary to understand the theoretical and experimental methods used in de-

veloping rare-earth doped oxide quantum memory platforms. The second part of this thesis

is contained in Chapter 6, and follows the benchmarking of Er-doped CeO2 as a candidate for
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rare-earth doped oxide quantum memory. The third part of this thesis develops across Chap-

ters 7 and 8, and explores new directions for developing rare-earth doped thin film platforms

for scalability and improved optical properties for quantum communication applications.

In addition to goals implicit in the aforementioned structure, I have been tasked with

writing this thesis in part as an introduction to quantum memory defect development for

graduate students new to the field. This leads to the extended nature of the first part of

the thesis and the emphasis on understanding the structure of rare-earths within crystalline

hosts. My hope also is, though I present these studies primarily from the perspective of

erbium-doped oxide, that the general approach found in this thesis should be appropriate to

other systems as well.

Finally, this thesis will not discuss any manner of nanofabrication, but rather all of the

steps leading up to that point in terms of preparing the defect-host system. The goal of

this thesis is specifically to navigate the maximization of defect quality (and subsequently

those defects’ hosts), such that subsequent engineering of the platform into devices is in turn

maximally viable.
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CHAPTER 2

ENERGY STRUCTURE OF ER-DOPED OXIDE SYSTEMS

2.1 Describing the rare-earth ion

To effectively discuss the development of the erbium-doped oxide platform, we must first

understand how the energy structure of the rare-earths comes about. Our focus is on the

1.5 µm optical transition of erbium and its electron spin transition for flying/stationary

interconversion6,2 and coherent state storage16 respectively, but knowing how these states

arise and are linked is vital to implementing any sort of quantum memory protocol.

The rare-earths are split into the lanthanides (the elements with atomic numbers between

lanthanum and lutetium) and the actinides (the elements with atomic numbers between

actinium and lawrencium). The actinides are largely not as useful for quantum memory

purposes, given their propensity towards being radioactive and/or hard to synthesize.

As such we will focus on the lanthanides – of which erbium is a member – for our analysis

of rare-earth structure. Lanthanides are atoms that consist of a xenon core with electron

configuration 1s22s22p63s23p63d104s24p64d105s25p6, plus a set of electrons in the 4f , 5d,

and 6s shells.36 The triply oxidizied state (also called the trivalent state, or signified by M3+

for an element M) is most stable for rare-earths (though in the specific cases of cerium and

terbium, Ce4+ and Tb4+ are similarly stable). In the trivalent state, the valence shell is

always 4f , with the number of electrons in the 4f shell ranging from 1 for Ce3+ in the 4f1

configuration, to 14 for Lu3+ in the 4f14 configuration.

One particularly poignant aspect of the rare-earths is the so-called "lanthanide contrac-

tion," where the majority of the 4f electron wavefunction rests inside the extent of the 5s

and 5p electron wavefunctions that are part of the xenon core, with greater contraction of the

4f electron towards the nucleus with increasing atomic number of the rare-earth.36 Because

of this we refer to the 4f electrons of rare-earths as being "shielded," a shorthand descrip-
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tion for how the 4f electrons of rare-earths do not strongly participate in ligand bonding

and so are only slightly perturbed by ligand environment.14 The shielded nature of the 4f

electrons is not immediately obvious as we explore the energy structure of the rare-earths,

but it is important to note prior to the discussion as context for, e.g., the relatively small

perturbation of the crystal field upon the rare-earth levels as explored in Section 2.1.2.

Descriptions of the rare-earth ions often rely on the closed-shell approximation, wherein

the electrons in shells below 4f are treated as not interacting with the 4f electrons. Under

this assumption, we may treat a rare-earth as an N -electron atom, where N is simply

the number of electrons in the 4f shell. In this chapter, we begin with the Hamiltonian

expression of such an N -electron atom, and then go through the perturbations that generate

the familiar rare-earth energy structure we wish to use for quantum memory. We also address

the influence of external fields, and how the energy structure of erbium in particular may be

truncated for practical purposes of evaluating experimental work.

2.1.1 A basic N-electron atom

We begin our analysis of the rare-earth energy structure by stating the Hamiltonian for an

N -electron atom with a nuclear charge Ze.37

H = − ℏ2

2m

N∑
i=1

∇2
i −

N∑
i=1

Ze2

ri
+

N∑
i<j

e2

rij
(2.1)

Schrödinger’s equation is not solvable for more than one electron, so we use the "central

field" approximation, assuming that each electron moves independently in the field of the

nucleus and surrounding electrons. We describe the electron "cloud" as generating an ad-

ditional potential field caused by the spherically averaged potentials of the other electrons.

The combined spherically symmetric potential on a single electron at a position ri is called

U(ri), and becomes a component of the central field Hamiltonian HCF. The remaining

inter-electron interactions become the Coulombic perturbation terms labelled Hc.
7



H = HCF +Hc, HCF =
N∑
i=1

(
− ℏ2

2m
∇2

i + U(ri)
)

(2.2)

The central field part of the Hamiltonian is analagous to the hydrogenic Hamiltonian,

and so provides the following normalized wavefunctions ψ for an electron at coordinates

(r, θ, ϕ) and with the hydrogenic quantum numbers (n, l,m), where the wavefunction is split

into the radial part Rnl(r) and the spherical harmonic part Ylm(θ, ϕ):

ψ(r, θ, ϕ, n, l,m) =
1

r
Rnl(r)Ylm(θ, ϕ) (2.3)

The spherical harmonics are well defined by the Legendre polynomial solutions to Laplace’s

equation in spherical coordinates. The radial part of the wavefunction depends on the central

potential U(r) and the electronic interactions within a particular species of ion.

Thus having a single-electron wavefunction, we obtain the wavefunction for all electrons in

the atom by using the determinantal product state obtained by taking the Slater determinant

across all the electrons in the atom for all the configurations populated by those electrons.

This defines the basic N -electron atom, the starting point for our rare-earth Hamiltonian

evaluation.

Once the N -electron atom is established, we then look at the Coulombic correction Hc

of the Hamiltonian from Equation 2.2.

Hc =
N∑
i=1

(
− Ze2

ri
− U(ri)

)
+

N∑
i>j=1

e2

rij
(2.4)

The second term becomes the first correction to the central field Hamiltonian that actually

requires evaluation. We shall call it the Coulombic interaction H1, and it depends on the

distance between pairs of electrons rij .
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H1 =
N∑

i>j=1

e2

rij
(2.5)

The first summation in the central field Hamiltonian only shifts the entirety of a config-

uration, and all of our work will study a single configuration: so, we drop it from consid-

eration.37 However, electrons are still certainly subject to the central field potential, which

imposes a second correction: the spin-orbit perturbation H2, which takes the following form

where we have the individual electron spin angular momentum s, the individual electron

orbital angular momentum l, the reduced Planck constant ℏ, the electron mass m, and the

speed of light c:

H2 =
N∑
i=1

ξ(ri)si · li, ξ(r) =
ℏ2

2m2c2r

dU

dr
(2.6)

Our total Hamiltonian, including our corrections for the electronic configuration energies,

then becomes:

H = HCF +H1 +H2 (2.7)

To evaluate the Hamiltonian once corrected by H1 and H2, we define the total orbital

momentum L and total angular spin momentum S:

L =
∑
i

li S =
∑
i

si (2.8)

These total momenta then set their respective quantum numbers L and S, which have

multiplicities of (2L + 1) and (2S + 1) respectively. We define a single combination of L

and S as a "term" denoted by the notation 2S+1L, where L is represented in spectroscopic

notation.†

†. Spectroscopic notation: 0 = S, 1 = P , 2 = D, etc.
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Figure 2.1: Schematic (not to scale) term and level splitting for the lowest few Er3+ states.
Blue lines and labels correspond to the path from the unperturbed structure to our transition
of interest. Column (a) represents the fully degenerate configuration energy, which is then
split by H1 to produce the terms in column (b). Column (c) then is the fully-split levels
once H2 is accounted for. The transition between 4I15/3 and 4I13/3 is then the 1.5 µm tran-
sition of interest, and remains at approximately 1.5 µm separation regardless of subsequent
perturbations to the erbium Hamiltonian.

The H1 term in the Hamiltonian corrections splits the terms with different numbers to

become non-degenerate. In the case of erbium, the ground state is within the term 4I, or

rather where the spin has multiplicity 2S + 1 = 4 and L = 6.

The H2 term in the Hamiltonian corrections splits the degenerate states within each

term according to the total angular momenta J = S + L. In the multi-electron context,

this summation is referred to as LS-coupling, or "Russel-Saunders" coupling, and is one of

several available coupling schemes – in our case, it is the most intuitive for an experimentally-

oriented discussion. The states in each term are split according to the corresponding quantum

number J , which also establishes the z-quantized total angular momentum Jz. The end result

is 2J+1 degenerate "levels" denoted by the notation 2S+1LJ , which now completed we refer

to as "term symbol". The splitting into the 2S+1LJ levels as H1 and H2 are applied may

be seen in Figure 2.1.
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It is the level splitting that produces the 1.5 µm transition that we are interested in

using as an optical interface for our Er3+ defects. Specifically, the 4I15/3 level (S = 3/2,

L = 6, J = 15/2) is the ground state, and the 4I13/3 level (S = 3/2, L = 6, J = 13/2)

is the first excited state, separated from the ground state by approximately 6500 cm−1.14†

Subsequent perturbations to the rare-earth will not deviate significantly from this value, due

to the degree of 4f shielded-ness present for this late-in-the-series lanthanide.

Speaking of subsequent perturbations, we recall that these levels are still (2J + 1)-fold

degenerate, but this degeneracy will be partially to fully lifted by the crystal field potential

and external fields, as discussed in the following sections.

2.1.2 The crystal field potential

The third corrective term in the rare-earth Hamiltonian is that of the electric potential

caused by the ions that make up the crystal surrounding our rare-earth ion of interest. In

this situation, we assume that the electrons of our rare-earth ion are well-localized (rea-

sonable given the contraction of the 4f shell) and that the remainder of the crystal lattice

is spectroscopically inert (also reasonable, for wide bandgap materials such as the oxides

selected for this project).36

The contribution to the rare-earth Hamiltonian may be labelled H3, and is expressed as

follows, where an electron i at position (ri, θi, ϕi) is perturbed by the electric potential Ve

produced by the crystal environment:

H3 = −e
∑
i

Ve(ri, θi, ϕi) (2.9)

In working with Er3+, the crystal field potential may be expanded for a single unpaired

electron within our ion of interest with coordinates (r, θ, ϕ).37

†. In various units for an optical photon: 6500 cm−1 ∼ 806 meV ∼ 195 THz ∼ 1.54 µm
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H3 =
∑
k,q

A
(k)
q rkC

(k)
q (θ, ϕ) (2.10)

Here we have the spherical harmonic operators C(k)
q , with component q of rank k, where

k ∈ Z≥0 and q ∈= [−k,−k + 1, ..., k − 1, k]. In standard spherical harmonic notation Ym
l ,

note l is the rank and m is the component. It is convenient to use these spherical harmonic

operators, which are defined in terms of the spherical harmonics:

C
(k)
q (θ, ϕ) =

√
4π

2k + 1
Ym
l (θ, ϕ) (2.11)

A convenient spherical harmonic expansion for the electric potential Ve is that of a field

of point charges Qi at coordinates (Ri,Θi,Φi), as provided by Hutchings38 for the case

where the electron radial coordinate r fulfills r < Ri ∀i – again, a reasonable approxima-

tion given the 4f contraction. Approximating all nearby ions as point charges is somewhat

more egregious here, but remains a reasonable approximation for purposes of looking at site

symmetries and trends in H3 matrix elements.

Ve =
∑
k,q

rkγkqY
q
k (θ, ϕ), γkq =

∑
i

4π

2k + 1

Qi

Rk+1
i

(−1)qY
−q
k (Θi,Φi) (2.12)

We may easily recast this in terms of the spherical harmonic operators, and we may

additionally turn the electric potential Ve into the perturbation H3 by multiplying by the

charge of the evaluated electron of interest Qe. For simplicity we place the ion charge within

the evaluation of γkq.

H3 =
∑
k,q

rkγkqC
(k)
q (θ, ϕ), γkq =

∑
i

QeQi

Rk+1
i

(−1)qC
(k)
−q (Θi,Φi) (2.13)

The definitions from Judd and Hutchings may be set equal to each other to recover the

A
(k)
q coefficients in terms of γkq. To find the coefficients, we may match terms in both sums
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Er3+ Level 4I15/2
4I13/2

4I11/2
4I9/2

Num. Levels in Cubic Site Symmetry 5 5 4 3
Num. Levels in Non-Cubic Site Symmetry 8 7 6 5

Table 2.1: Number of crystal field levels encountered for different levels in Er3+, per
Wybourne 1965.36

using the spherical harmonic operators multiplied by rk as a basis. We find that the A(k)
q

and γkq are in fact the same parameter.

V =
∑
k,q

A
(k)
q rkC

(k)
q (θ, ϕ) =

∑
k,q

rkγkqC
(k)
q (θ, ϕ) ⇒ A

(k)
q = γkq (2.14)

Thus we have a definition we may use in Judd’s formalism. We also make the trans-

formation into SI units and prepend the appropriate constants to the potential energy, and

then promptly absorb those also into the definition of the expansion coefficients.

H3 =
∑
k,q

A
(k)
q rkC

(k)
q (θ, ϕ), A

(k)
q =

1

4πϵ0

∑
i

QeQi

Rk+1
i

(−1)qC
(k)
−q (Θi,Φi) (2.15)

As a practical consideration, the sum over charges to describe A(k)
q should include "all

of the complete cells in a sphere of 30 Å radius"39 when performing finite computational

summations over the surrounding field of ions. This will become relevant in Chapter 8.

Per the previous section, the Er3+ levels hold (2J + 1) degenerate states, based on the

total angular momentum J . The crystal field environment splits these degenerate states.

In the case of Er3+, in the 4I15/2 term there are up to 8 degenerate doublets (referred

to as Kramers’ doublets, defined as un-split electron spin states for one unpaired electron)

for a total of 16 degenerate states, and in the 4I13/2 there are up to 7 degenerate Kramers’

doublets for a total of 14 degenerate states. The only exception to obtaining 8 and 7 doublets

respectively is the case of a cubic crystal field site symmetry, where some doublets are not
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fully split and there are instead 5 and 5 levels, per Table 2.1, with the corresponding increase

in degeneracy.

The crystal field-split doublets are referred to as the "crystal field levels," and the energy

separation between the crystal field levels depends on the strength of H3 – and correspond-

ingly the orientations and distances of the crystal field charges from the Er3+ site. Separation

between crystal field levels is usually on the order of 1 to 5 meV, or 100 GHz to 2 THz split-

ting.14 This makes the crystal field levels difficult to probe directly given the complexities

of terahertz spectroscopy,40 but we are able to probe the crystal field levels indirectly via

photoluminescence measurements between the 4I15/2 and 4I13/2 terms as discussed in Chap-

ter 6.

2.1.3 Other perturbations to the rare-earth ion

Beyond the first three perturbations, there are five more perturbations that come into play

when evaluating Er3+ structure.37 We discuss here the first three of those remaining per-

turbations, as they readily arise when studying the spin behavior of the Er3+ ion, and we

present the latter two perturbations only as an initial point of reference for the interested

reader.

The first of these additional perturbations is the effect of an external magnetic field,

represented by H4 for a magnetic field H , the Bohr magneton β, and the gyromagnetic

ratio of the elctron gs.36 This perturbation gives rise to the Zeeman effect for moderate

magnetic field strengths.

H4 = βH · (L+ gsS) (2.16)

As a companion to the Zeeman term, the magnetic hyperfine interaction H5 gives rise to

hyperfine splitting of the Zeeman lines in the presence of a nuclear spin, which is I = 7/2

for 167Er and I = 0 for any other Er isotopes. We now also invoke the nuclear magneton βN
14



and the nuclear magnetic moment µN .

H5 =
2ββNµN

I

∑
i

N i · I
r3i

, N i = li − si +
3ri(ri · si)

r2i
(2.17)

Evaluation of H4 and H5 is decidedly nontrivial, but fortunately the the combined terms

may be represented by an approximate effective spin-S Hamiltonian H4−5 under the as-

sumptions that all the states being evaluated are within the same J manifold, and that the

primary contributor to splitting in H4 is the electron spin. Thus we may write the follow-

ing, where we have introduced the parameters g (the effective g-factor tensor) and A (the

hyperfine splitting coefficient).

H4−5 = βB · g · S + AS · I (2.18)

In the context of the lowest Er3+ crystal field level in both 4I15/2 and 4I13/2, this may

be treated as an electron spin-1/2 system interacting with the nuclear spin-I system. Thus

we may evaluate the shared spin states of the electron and nucleus when performing spin

resonance measurements, as in Section 5.2.

Also in the context of spin resonance measurements, the last perturbation that we leverage

in our measurements is the magnetic spin-spin interaction, H6:

H6 = 4β2
∑
i>j

(si · sj
r3ij

−
3(rij · si)(rij · sj)

r5ij

)
(2.19)

While this term does not dramatically affect multiplet splitting and does not modify

the crystal field level structure significantly for a single Er3+ ion, this term does contribute

inhomogeneous shifts across an ensemble of Er3+ ions plus other defects present within

the crystal, contributing broadening to measured resonance lines. This term is explored in

greater detail in Chapter 6 and Appendix B in the ensemble context.

The two remaining perturbations we will describe here are the nuclear quadrupole inter-
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action H7 and the spin-other-orbit interaction H8.37 H7 includes the the electron charge e,

along with values Q (which is defined according to matrix elements in the I and MI quantum

numbers) and K(2) (which is a rank-2 tensor with components in the nuclear spin I). H8

additionally invokes the reduced Planck constant ℏ, mass of the electron m, the speed of

light c, the distance between two electrons rij , and the momentum of one electron pi.

H7 = − e2Q

I(2I − 1)

∑
i

r−3
i (C

(2)
i ·K(2)

i ) (2.20)

H8 =
e2ℏ2Ξ
2m2c2

, Ξ =
∑
i ̸=j

(
∇i(r

−1
ij )× pi

)
· (si + 2sj) (2.21)

These terms do not produce significant deviation from the level structure explored in

Sections 2.1.1 and 2.1.2 (indeed, part of the interaction in Ξ of H8 is already accounted for

in H2 spin-orbit perturbation41), nor do they contribute additional splittings due to external

fields or significant broadening that arises in our optical and spin resonance measurements.

However, they are important to note for furture reference should explanations of observed

Er phenomena based only on H1 through H6 fail.

2.2 A practical perspective on Er energy structure

In practice, when evaluating experimental work with Er3+ for quantum communication appli-

cations, we greatly reduce the complexity of the effective system from the eight Hamiltonian

terms addressed in the previous sections.

The first approximation to arise out of practicality is that we take the central field Hamil-

tonian HCF, the Coulombic interaction H1, and the spin-orbit interaction H2 as constant

and pre-determined. These three expressions are rarely of interest in our experimental explo-

ration other than to give rise to the 4I15/2 and 4I13/2 levels and to provide a basis in which

to work. We additionally truncate the level structure to only include 4I15/2 and 4I13/2 levels,
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Figure 2.2: Schematic (not to scale) crystal field level and electron Zeeman splitting for the
lowest few Er3+ levels. Blue arrows correspond to the ∼ 1.5 µm optical transition and is
shown between the lowest 4I15/2 to lowest 4I13/2 state, for visual reference. Column (a)
shows the level structure developed in Figure 2.1(c), truncated to the two lowest Er3+ levels.
Column (b) shows the application of the crystal field splitting per H3, and the Zi and Yi
levels produced (with maximum lifting of degeneracy to 8 and 7 levels respectively). Column
(c) finally shows the splitting of the Z1 and Y1 crystal field levels into effective spin-up and
spin-down states via Zeeman splitting.

as at liquid helium temperatures (∼ 4 K) and lower there will be very near zero population

of the 4I11/2 level or higher; we also do not typically perform optical measurements to probe

that high in energy.

Having reduced the number of levels to consider, we then apply the crystal field splitting

via H3 to obtain eight 4I15/2 levels and seven 4I13/2 levels when full splitting is induced.

The eight 4I15/2 levels are colloquially referred to as the Z levels, while the seven 4I15/2

levels are referred to as the Y levels. The levels are indexed from lowest energy to highest,

from Z1 to Z8 and from Y1 to Y7. When only five crystal field levels are identified due to

cubic symmetry, the crystal field levels instead run from Z1 to Z5 and Y1 to Y5.

We then collectively apply the electron spin and hyperfine terms H4 and H5 as the

effective H4−5 shown in Equation 2.18. Spin resonance experiments generally occur in Z1,
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where the system is effectively spin-1/2. Optical measurements of the spin dynamics also use

the Zeeman-split Y1 level, which is also effectively spin-1/2, albeit with a different effective

g-factor than in Z1.

This is then the extent of the level structure discussed while performing experimental

work when needing to index the available Er3+ levels. A diagram of this may be seen in

Figure 6.5. The additional Hamiltonian terms H6 to H8 are neglected when discussing level

structure, and are only used in analysis where necessary to describe additional effects such

as ensemble broadening.
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CHAPTER 3

EXPERIMENTAL METHODS FOR ER-DOPED OXIDE THIN

FILM GROWTH

3.1 Selecting a growth method

In the pursuit of developing thin film oxide hosts, an initial concern is the concentration of

impurities that may be present in a grown thin film sample. Our rare-earth dopants must be

well-isolated from any other dopants (referred to as the "dilute doping" limit), but also from

any impurities that may interact with the electron spin or orbital states and consequently

induce dephasing the spin or optical transitions.14 Our second concern in growing pristine

thin films is that a fine degree of control over the morphology of the thin film microstructure

is preferred. Per Section 2.1.2, variations in the crystal field surrounding our rare-earth

dopants have non-trivial impacts on the resulting energy structure.

Thin film growth methods are usually split into two categories: chemical deposition tech-

niques, and physical deposition techniques.42† Chemical deposition generally consists of the

flowing of chemical precursors over a sample surface, either together or in sequence, to react

and produce the desired composition of thin film. Examples of chemical deposition include

atomic layer deposition (ALD), chemical vapor deposition (CVD), and metalorganic growth

methods. Physical deposition instead generally consists of delivering the exact chemical com-

position to the sample surface directly, with no reaction byproducts. Examples of physical

deposition include sputtering, e-beam evaporation, and molecular beam epitaxy (MBE).

The preeminent technique for developing new thin film oxide hosts for rare-earth defects

for quantum communication purposes is MBE. As will be discussed in the upcoming Sec-

tion 3.2, the mechanics and environment of MBE readily satisfy the conditions of impurity

†. It is worth noting that there are methods that blur this binary, such as reactive sputtering and metal-
organic MBE, but the distinction remains useful as a point of discussion.
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control, microstructural control, and dopant control.

Before that though, to briefly clarify the downsides of other methods: ALD is a mature

technique but can be difficult for use in developing new materials. The main drawback

of the technique is that ALD generally produces amorphous, disordered films that require

post-processing to use as rare-earth hosts as a consequence of low process temperatures,

usually below 300 ℃. These low temperatures are required for the "ALD temperature win-

dow," above which the ALD technique inadvertently becomes CVD-like.43 CVD in turn is

limited by the complexity of the required precursors, the chemistry of which requires careful

selection and testing when developing new materials.44 Additionally, CVD methods run the

risk of incorporating reaction byproducts into the host, which could have unwanted effects

on behavior of the rare-earth dopants. ALD and standard CVD processes traditionally take

place at elevated pressures between 0.1 and 1 torr, which may also lead to impurity incor-

poration into the thin film. Sputtering bypasses the issue of reaction byproducts, but the

high-energy particles required for sputtering may lead to defect formation within the thin

film, or unintentional sputtering of growth chamber elements leading to impurities within

the thin film.45 MBE bypasses the majority of these issues, and so is an optimal technique

for developing new, high-quality thin film materials.

In the following sections, we discuss the growth conditions made available by the MBE

technique, the in-situ characterization methods used to track growth, and the straightforward

methods used for developing growths of new materials.

3.2 Overview of the molecular beam epitaxy (MBE) growth

environment

The core tenant of MBE as a deposition method is that the only species present in the growth

environment are those being flowed towards the substrate upon which growth is occurring. In

an ideal setting, a perfect ratio of fluxes would impinge upon an atomically clean substrate

20



(a) Schematic of standard components in an MBE growth chamber

(b) Interior of an MBE growth chamber. One effusion cell is hot with its
shutter open; the rest are closed. The substrate rests below the substrate
heater, and is shielded from the open cell by its own shutter.

Figure 3.1: Within an MBE growth chamber, an array of molecular beam sources – including
effusion cells and gaseous mass flow sources – are pointed towards a heated substrate. The
sources and substrate each have a shutter for growth control. A RHEED gun and screen
provide in-situ characterization of the growth surface. A cryo shroud assists in keeping the
pressure of the chamber low.
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to form the desired material, with no impurities present within the chamber or upon the

substrate. We additionally would like the substrate to have the ideal conditions to permit

crystalline growth, e.g., substrate surface conditions and growth temperature.

While obtaining a perfectly clean environment is near impossible, we can get quite close

by bringing our growth chamber to ultra-high vacuum (UHV) conditions before starting

growth, and then by introducing only pure sources of material during growth. UHV is

defined as pressures at or lower than 10−8 torr – this is the criteria that the growth chamber

base pressure (base pressure here defined as the pressure immediately prior to introducing

material to the chamber for growth) must meet at minimum. MBE is traditionally performed

with base chamber pressures of 10−10 to 10−11 torr for semiconductor applications, though

in the context of an oxide growth chamber we are less concerned about oxygen and water

contaminants within the growth chamber, and so base pressures for oxide MBEs like ours

may be as high as 10−9 torr.

At such low pressures at 10−9 torr, the mean free path of a particle within the chamber

is on the order of 100 kilometers.46 Rather, a particle that has left a source of material

will very likely only collide with either the growth surface or with the growth chamber wall.

Additionally, at 10−9 torr, the rate of gaseous impingement from the environment upon

the growth surface is on the order of 10−3 monolayers per second, which is small compared

to nominal MBE growth rates of up to 1 monolayer per second and leads to low impurity

accumulation due to the growth environment.46 Compare this to ALD and CVD, where the

pressure is 0.1 to 1 torr: there the gaseous impingement rate is as high as 105 monolayers per

second, which has the potential to lead to significant sample contamination if the chamber is

improperly managed. Rather, the UHV environment enforced by MBE guarantees growths

that are low in impurities caused by the chamber environment.

To obtain this UHV environment for our oxide MBE chamber, a set of four pumps are

used. First is a turbomolecular pump, or ‘turbopump,’ which brings the chamber down
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to 10−6 to 10−8 torr via a set of high-speed rotors. The turbopump is backed by a rotary

roughing pump, which provides pressures of 10−1 to 10−3 torr to the turbopump exhaust, and

allows the turbopump to run continuously without excess wear. To achieve sufficiently low

base pressures within the growth chamber, the turbopump is supplemented by a cryogenic

pump, or ‘cryopump,’ which contains 15 K cold plates that capture species such as nitrogen,

oxygen, water, and some organics. Finally, the chamber contains a titanium sublimation

pump, or ‘TSP,’ which sublimates titanium upon the growth chamber walls. The sublimated

titanium then getters residual oxygen, water, and organics from the chamber environment.

The resulting base pressure in our chamber is then approximately 5× 10−9 torr.

To achieve 1 × 10−9 torr base pressures, the growth chamber is lined with a set of

cryopanels (see Figure 3.1(a)) through which liquid nitrogen flows. The liquid nitrogen flow

cools the cryopanels, which then capture gaseous species (and errant source material) from

the growth chamber in the same manner as the cryopump. Upon turning on the liquid

nitrogen flow before growth, base pressures drop to the desired 1× 10−9 torr. After growth

is complete, the liquid nitrogen flow is turned off to desorb collected material from the

chamber walls and allow for more efficient pumping for subsequent growths. The cryopanels

have the added benefit of increasing the overall pumping rate of the chamber, allowing for

greater fidelity in managing oxygen partial pressure when flowing high pressures of oxygen

for growth.

Once at low pressure, we supply metallic source materials from effusion cells (also called

Knudsen cells) for thermal evaporation or sublimation – see Figure 3.1 for how cells are

mounted in the chamber. To do so, we load high-purity metal (ideally at least 5N purity,

corresponding to 10 parts per million impurities) charges into crucibles made from low vapor

pressure materials (often tungsten, tantalum, or pyrolytic boron nitride). The crucibles are

then heated using resistive filaments near the crucible, and the heat drives sublimation or
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evaporation of the source material charge.† To provide gaseous elements such as oxygen, a

mass flow controller is connected to a small aperture in the growth chamber, and high-purity

gas is added to the chamber at a fixed flow to obtain a fixed partial pressure.

Each material source, whether an effusion cell or gas source aperture, is gated by a shutter

that controls whether that source’s material flows towards the substrate. A closed shutter

blocks material, and an open shutter permits material. To provide atomically sharp control

over the growth as a whole, an additional shutter is placed between the substrate and the

entire collection of sources.

The last step in setting up the MBE environment is control of the substrate. The sub-

strate upon which growth occurs is mounted in proximity to a heater, called the substrate

heater, that can bring the substrate to temperatures as high as 900 ℃ during growth – with

higher temperatures often being required for films to grow epitaxially (that is to say, single-

crystalline and with well-defined orientation with respect to the underlying substrates). The

substrate mount also allows for rotation of the sample, to increase uniformity over the span

of the substrate during growth.46

With the growth environment suitably defined, we now turn our attention to the char-

acterization of our thin films during growth.

3.3 In-situ characterization during MBE growth

Given that MBE growth is a fairly complex process, it is incredibly helpful to monitor any

growth as it progresses. There are two main tools that can be used in the growth of oxide

thin films – the traditional RHEED apparatus, and fixed-angle interferometry.

Reflection high-energy electron diffraction (RHEED) is performed by firing a beam of

high-energy electrons at the growth surface at a shallow angle, usually no more than 5°, and

†. Alternate metallic evaporation methods exist if thermal effusion is insufficient – for example, materi-
als with low vapor pressures would require techniques such as e-beam evaporation or use of metalorganic
precursors.47
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(a) Streaky pattern, indicat-
ing a single-crystal surface

(b) Ring pattern, indicating a
polycrystalline surface

(c) No clear pattern, indicat-
ing an amorphous surface

Figure 3.2: RHEED patterns of different degrees of crystallinity

observing the diffraction pattern produced upon a phosphorescent screen oppose the electron

gun. The diffraction pattern, which corresponds to the intersection of the Ewald sphere with

the reciprocal space representation of the sample surface, allows for real-time evaluation of

the sample surface during growth.48 A schematic how the RHEED system is integrated into

the growth chamber may be seen in Figure 3.1.

In Figure 3.2, one can see the distinguishing features of single-crystalline, poly-crystalline,

and amorphous surfaces. Other patterns that may arise include chevrons around streaks

indicating faceting, and arrays of transmission spots indicating 3D growth.49 In addition to

the broad characteristics of the surface, one can also use knowledge of the electron energy and

chamber geometry to obtain additional crystallographic information, e.g., the spacing of the

streaks in a streaky pattern corresponds to the lattice constant, the rings of a polycrystalline

pattern will match the powder diffraction pattern for that material, or the reconstruction

of a single-crystalline surface can tell us about the oxidation status of a thermally-cleaned

silicon wafer.46 Having this feedback during growth becomes a vital part of establishing

growth quality, as discussed in Section 3.5.

In the case of streaky patterns indicating single-crystal growth, we can use the spacing

of the streaks to obtain an estimate of the lattice parameter of the crystal via the Bragg

scattering condition46

25



Figure 3.3: 1× 1 reconstruction of the Si(001) surface in the Guha Lab MBE, with RHEED
taken along the Si ⟨100⟩ azimuth. The distance between the center streak and the side
streaks is 120 pixels, as relevant to Equation 3.1.

D = λL/d (3.1)

where D is the spacing between streaks, λ is the de Broglie wavelength of the scattered

electrons, L is the distance between the scattering site on the sample and the RHEED screen,

and d is the distance between atomic planes on the sample. A 15 kV electron (as is standard

for our MBE tool) has a de Broglie wavelength of 0.099 Å. Knowing the lattice spacing of

silicon, we can back out L for our system. Performing image analysis on a silicon substrate

in the (001) orientation (see Figure 3.3), we can find D to be 120 pixels, and we know

Si(001) has an atomic plane spacing of d = 5.431/2 Å = 2.7155 Å: thus L = 3292 pixels.†

Taking into account the scale of the RHEED screen in pixels, this would be about 36 cm –

an appropriate substrate-to-screen distance for our growth chamber. This information can

be used to give us approximate crystal lattice plane spacings for our thin film samples.

Whereas RHEED tells us about the microstructure of the surface our substrate or film,

interferometry on the other hand can tell us about the thickness of the film as growth

†. The RHEED screen camera on this MBE is kept at a fixed position for all measurements, and so pixels
may be used as a consistent distance unit.
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occurs. Since we are interested in oxide growths with wide bandgaps, we can safely assume

that most of our thin films are transparent to visible light. We can shine a visible laser

through our sample at a fixed angle, and look at the interference pattern produced by the

distance between the film/substrate interface and the vacuum/film interface. The intensity

of the laser over time may be fit to a sinusoid, where the period of the sinusoid is determined

by the change in reflectivity of the material stack – vacuum above a transparent thin film

upon a substrate of different refractive index – over time as growth occurs and increases

the thickness of the thin film. The resulting interference fringes are a useful diagnostic for

identifying successful growth of a transparent film as opposed to, e.g., unexpectedly slow

growth due to a depleted metal charge.†

3.4 Erbium doping control in MBE

MBE allows for fine control of erbium dopant placement and concentration. Placement

within MBE-grown thin film samples is governed by the Er cell shutter. For example, one

could grow a layer of oxide thin film with the shutter closed, then open the shutter while

growing another layer of thin film, then close the shutter and grow a third layer. This

would produce a doped layer of the oxide removed from the oxide/substrate and oxide/air

interfaces, reducing broadening effects caused by the interface.23,20

More prescient to this project is the control over doping levels. Heating the erbium charge

within its effusion cell increases its vapor pressure, and when the cell shutter is open this

greater vapor pressure results in a greater flux of erbium flowing towards the sample being

grown. The greater the flux towards the sample, the greater the doping level of erbium.

One might consider this behavior to be like growing a very small amount of Er oxide

within the oxide thin film being grown. While the stoichiometry may not correspond to a

†. Failed growth due to depleted metal charges has, unfortunately, happened a few times over the course
of these projects. Thankfully, MBE usage time was rarely lost due to noticing the longer interference fringe
period due to slower growth rates in the interferometer early in the sample growth.
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CeO2 Growth
Rate (nm/hr)

TEr = 800 ℃ TEr = 900 ℃ TEr = 1000 ℃

25 2.5 ppm 45 ppm 503 ppm
50 1.3 ppm 22 ppm 251 ppm
100 0.6 ppm 11 ppm 126 ppm
200 0.3 ppm 6 ppm 63 ppm

Table 3.1: Estimated Er doping levels in CeO2 thin films grown at different growth rates
and different Er cell temperatures TEr, calibrated for the Guha Lab MBE.

proper Er oxide, this is a useful mental model in understanding doping concentration as a

function of growth rate. If we imagine our sample oxide growth rate in proportion of the "Er

oxide" growth rate, we can see that if we increase our sample growth rate by, say, a factor

of two, the relative concentration of Er will go down by two.

We can see this in practice in Table 3.1. Based on measuring the thickness of a separately

grown Er2O3 thin film calibration sample, we can determine the Er flux towards the sample

surface depending on the cell temperature and back out the relative "growth rate" of the

Er oxide versus the sample oxide. This gives us our doping concentration, if we also know

the growth rate of our desired material. In the case of CeO2, we have identified that, for

example, we can achieve doping levels from less than 1 part per million (ppm) Er to over

100 ppm Er in CeO2 films grown at 100 nm/hr (a fairly standard growth rate for CeO2 in

our MBE) simply by raising the erbium cell temperature from 800 ℃ to 1000 ℃. In this

manner, we can access a broad range of doping levels – multiple decades, in fact – with only

minor changes to our growth recipes. This degree of control is used to study a range of Er

doping levels in Chapter 6.

3.5 Identification of binary oxide growth windows

In order to grow crystalline materials in MBE, source material must be introduced to the

sample surface with appropriate stoichiometry. In the case of CeO2 for example, sufficient

28



Ce and O2 must be supplied that there is not an excess or deficit of either element. As

an example, if insufficient O2 were supplied, then an oxide of different stoichiometry might

form, such as Ce2O3. In this section we will go through the process of obtaining the correct

stoichiometry of CeO2. In the context of MBE, this is referred to as finding the "growth

window" for the desired material.

Fortunately, we do not look for the growth window blindly. For CeO2, the resulting

crystal will grow epitaxially if the stoichiometry is correct, identifiable as a streaky pattern

in the RHEED. If the crystal is oxygen or cerium deficient, a polycrystalline crystal is formed,

and rings will be seen in the RHEED.50 (See Figure 3.2 for examples of these two patterns).

With this in mind, the first step towards identifying the growth window is to measure the

pressure of both the Ce and O2 flux. Per Section 3.2, Ce is provided by a resistively-heated

effusion cell, and O2 is provided through a mass flow controller. By heating or cooling the

effusion cell, we may increase or decrease the Ce flux. By increasing or decreasing the flow

rate in the mass flow controller, we may correspondingly increase or decrease the O2 flux.

Fluxes are generally measured using an ion gauge placed near the substrate position, and

is referred to as the "flux gauge." Flux here is taken to be the "beam equivalent pressure,"

which is the pressure measured by the flux gauge when exposed to the beam of source

material. In the case of CeO2, we use the flux gauge and beam equivalent pressure quantity

for measuring Ce fluxes, but due to the high oxygen pressures involved in CeO2 MBE, we

generally use the growth chamber’s overall pressure ion gauge – which is out of line of sight

from the oxygen source – to determine oxygen partial pressure. This is additionally viable

since the mass flow controller flow rates are very stable, and less prone to drift than the

thermally-controlled Ce flux.

To ensure we are taking accurate measurements with the flux gauge, we generally take

Ce fluxes at three or four Ce cell temperatures. We then fit the measured beam equivalent

pressures P versus cell temperatures T with a generic Clausius-Clapeyron equation, where
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Figure 3.4: By varying the relative amounts of Ce and O2 impinging upon the sample during
growth, we can tune the stoichiometry of the CeO2 thin film and by extension the nature of
its crystallinity. We found that if the growth was cerium deficient, a polycrystalline material
would form (marked in the figure by red circles). On the opposite side of the growth window,
an oxygen deficient growth would start to form a streaky 3× reconstruction (blue inverted
triangles), deviating from the expected streaky 1× RHEED pattern (teal triangles). At
intermediate cerium deficient ratios, we identified a mixed RHEED pattern including both
streaks and rings (green pentagons). An ideal pressure ratio of Ce:O2 = 1 was identified,
and is marked here by gray dashed line.

we additionally have the enthalpy of vaporization ∆H, the ideal gas constant R, and a

compensating fit parameter b that accounts for an arbitrary reference temperature and the

sensitivity of the ion gauge:

lnP = −∆H

RT
+ b (3.2)

For more information on this compensating fit parameter and our overall understanding

of the Clausius-Clapeyron in the context of MBE, see Appendix A.

Having this equation allows us to reliably shift our Ce flux compared to our O2 flux. If

we identify that our Ce flux is too low by a factor of two, for example, we may use a properly

fitted Equation 3.2 to increase our Ce flux pressure by that specific amount.
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In the case of Ce:O2 ratio for growing CeO2, we are able to survey a range of ratios to

identify our growth window. A summary of our survey is shown in Figure 3.4, where, by

tracking the RHEED pattern across a series of ratios, we were able to identify that an equal

pressure in the Ce beam equivalent flux and oxygen partial pressure via the growth chamber

ion gauge would lead to optimal single crystal growth. At the two extremes, a cerium

deficient growth led to polycrystalline rings in the RHEED pattern and an oxygen-deficient

growth (within the ratios we were able to investigate) led to single crystal streaks albeit with

a 3× reconstruction, as opposed to the 1× reconstruction we associate with stoichiometric

CeO2 growth.

Thus, we have identified the flux ratio growth window for CeO2. Other growth parameters

are discussed in Chapter 6, but identifying the growth window is an important part of the

MBE method and so has been addressed here.

As a final note, this growth window may change depending on chamber geometry, the

effusion cell being used for metal flux, the interface between the mass flow controller and

the growth chamber, and a variety of other factors. As such, the growth window must be

re-identified if any major changes are made to the MBE growth chamber. As an example

of this, the growth window identified in Figure 3.4 is for a newer Ce effusion cell than the

one used in Chapter 6 – the newer Ce cell has optimal growth conditions around Ce:O2 = 1,

but the old cell used previously had optimal epitaxial growth conditions around Ce:O2 = 20.

This is addressed with appropriate detail where necessary in that chapter.

3.6 Sample processing

Sample processing occurs prior and subsequent to growth via MBE. Before growth, substrates

must be cleaned and brought to particular pre-growth conditions within the MBE. After

growth, samples must be apportioned for various characterization methods. We review both

of these steps here.
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Figure 3.5: 7 × 7 reconstruction of the Si(111) surface in the Guha Lab MBE, taken along
the Si ⟨110⟩ azimuth.

3.6.1 Substrate preparation

We typically grow on either silicon or oxide substrates. The two types of substrates have

slightly different cleaning processes, both of which are detailed here.

Silicon (Si) substrates are cleaned prior to growth using a modified HF-last Radio Corpo-

ration of America (RCA) cleaning process consisting of a 10 minute soak in Standard Clean

1 (SC1)† at 80 ℃, followed by 5 minutes of sonication in deionized water (DI), and then a 30

second dip in hydrofluoric acid (HF) with a subsequent DI rinse.51 This process results in

a hydrogen-terminated silicon surface free from organic impurities or native oxide. Cleaned

Si substrates are then outgassed in a dedicated vacuum chamber attached to the MBE at

300 ℃ for 30 minutes, which removes residual moisture and the hydrogen termination. The

substrate is then loaded into the growth chamber. For (111)-oriented Si wafers, as used for

CeO2 growths, substrates are heated until the Si(111) surface achieves a 7×7 reconstruction

(between 785-835 ℃)‡ as observed via RHEED (Figure 3.5).

†. SC1 is a mixture of 1 part hydrogen peroxide, 1 part ammonium hydroxide, and 5 parts deionized
water by volume.

‡. The substrate temperature is measured using an optical pyrometer that is calibrated against the Al-Si
eutectic point at 577 ℃.52
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Oxide substrates (such as SrTiO3, also referred to as STO) are cleaned prior to growth

by sonciation first in acetone for 5 minutes, then isopropanol (IPA) for 5 minutes. Cleaned

oxide substrates are then outgassed in a dedicated vacuum chamber attached to the MBE

at 300 ℃ for 30 minutes, which removes residual moisture. The substrate is then loeaded

into the growth chamber and exposed to oxygen plasma for 20 minutes, with an O2 flow of

2 sccm and a forward power of 350 to 375 W. This removes any organic residue from the

oxide surface. The oxide substrate is monitored via RHEED to ensure the quality of the

surface is suitable for growth, with the primary quality criterion being the streak sharpness

after plasma cleaning.

3.6.2 Post-growth sample processing

After samples are removed from the MBE, they must be sized down for characterization –

for example, a Si wafer starts as a 3" circle, but for optical measurements sample pieces must

be no more than a few square millimeters in size.

The simplest method for cutting samples down to size is by cleaving. To cleave a sample

grown on silicon or an oxide substrate, a diamond scribe is used to make a scratch in the

sample surface parallel to a crystal plane. For silicon wafers, a scratch perpendicular to the

primary flat is appropriate (such a scratch is along the (100) direction for Si(001) wafers,

and along the (110) direction for Si(111) wafers). For oxide substrates, which typically come

as square for our purposes, a scratch parallel to any edge will match a usable cleavage plane.

Once a scratch is made, the sample is placed upon a wire, with the wire aligned with the

scratch, and pressure is applied to either side of the scratch. The resulting force propagates

the scratch into a full crack, and the substrate cleaves in two.† By cleaving multiple times,

arbitrarily small pieces may be extracted from the original wafer.

A more consistent method for cutting samples down to size is by dicing. In this case,

†. Rather, the substrate is intended to cleave in two. In some unlucky scenarios, a brittle silicon wafer
might shatter into three or more pieces. On the upside, such shatter events usually result in sharp cleaves.
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a diamond saw is used to cut through the sample across an arbitrary path (though we

often choose to align dicing saw cuts with cleavage planes, for experimental consistency).

Water jets are used while cutting to wash away sample debris and keep the cut clean. To

prepare for dicing, samples must be coated with a protective layer of resist (for example,

1805 photoresist) – a simple spin-on process (1 minute at 1000 rpm) plus a 5 minute resist

bake is sufficient for these purposes, as the resist will not be used for patterning and so

does not need to be perfectly uniform. After dicing, the protective resist must be removed

from the samples before measurement. A dip in N-methylpyrrolidone (NMP) is sufficient

for a fast clean, but to be thorough, samples are soaked overnight in NMP at 50 ℃, then

sonicated for 5 minutes first in acetone and then in isopropanol (IPA), before being blow-

dried with dry nitrogen. Once cleaned, the samples may be measured without additional

processing, as needed. A common dicing format for our lab is 2 mm × 25 mm slices, which

is the appropriate size for mounting in the supercell tubes used for electron paramagnetic

resonance (EPR) measurements.

The final sample processing method is focused ion-beam (FIB) milling, which is used to

prepare samples for cross-sectional transmission electron microscopy (TEM).53 To prepare

for FIB, a cleaved or diced piece of sample is coated with a protective 100 nm layer of gold.

Micron-scale trenches are then milled into the gold-coated sample using a FIB tool, and

then the sample is rotated such that the exposed substrate is milled through to release a

thin strip of sample, referred to as a lamella. The lamella is attached to a manipulator probe

and transferred to a TEM grid, where it is mounted and then thinned down to no more than

50-100 nm thick. Once prepared like this, the lamella may be characterized via TEM.
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CHAPTER 4

EXPERIMENTAL METHODS FOR CHARACTERIZING OXIDE

THIN FILMS

In tandem with characterizing the directly quantum-relevant properties of our Er-doped

oxide thin films, we must understand the environment in which we are putting our qubits-

to-be. To that end, we perform a variety of microstructural characterization techniques to

obtain information about the crystal structure of our samples.

The bulk of our characterization happens via either X-ray characterization, or some form

of electron microscopy. X-ray characterization generally tells us aggregate information about

the microstructure of our sample (e.g., typical cation valency or distribution of lattice con-

stant across the film) whereas electron microscopy yields specific microstructural information

over smaller representative regions of our samples (e.g., structure at the interface or surface

morphology).

4.1 X-ray characterization

4.1.1 X-ray diffraction measurements

X-ray diffraction (XRD) is an efficient method of determining the lattice parameters of a

crystalline sample. X-rays of wavelength λ, usually the Cu K-α line of λ = 1.5406 Å, are

impinged upon a crystalline sample at some angle θ, with a detector set up at an equivalent

angle such that X-rays leave the sample and are collected with the subtended angle 2θ. The

peaks in XRD are due to solutions of the Bragg condition for a lattice plane spacing d and

the peak order n ∈ Z>0, which is as follows:

nλ = 2d sin θ (4.1)
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In the simple case of a cubic system, the plane spacing d is determined from the lattice

parameter a and the Miller indices (h, k, l) of the plane being probed. Those quantities are

related by:

d =
a√

h2 + k2 + l2
(4.2)

We can then invert this relationship to find the lattice parameter a from a peak position

2θ, assuming we know the expected Miller indices for the plane being measured.

a =
nλ

2 sin θ

√
h2 + k2 + l2 (4.3)

This is precisely the analysis we use in Section 6.3 to identify the Si(111) peak and

CeO2(111) peak in XRD.

4.1.2 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS), performed in this study at Beamline 29 ID-D of the

Advanced Photon Source at Argonne National Laboratory, enables the study of the local

electronic structure of our samples.54 In particular, XAS allows us to probe the valency of

our samples by looking at absorption peaks when exciting core electrons with high energy

photons into the continuum band – via X-ray photons with energies in the keV range. The

particular feature used in these studies is that the XAS spectrum changes based on the

valency of the element being studied – in our case, we look at the variation in peak positions

between Ce3+ XAS spectra and Ce4+ XAS spectra, as described in Chapter 6.

36



4.2 Electron microscopy techniques

4.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) involves the emission of an electron beam at a sample,

and then detecting electrons that have backscattered from the sample.55,56 To image across

a large area of a sample, the electron beam is rastered across the viewing area, and an image

is constructed by counting the number of backscattered electrons at each point in the raster.

SEM allows for viewing features significantly smaller than viable in optical microscopy, with

observation of feature sizes as small as 10 nm reasonable even on mid-tier SEM tools.

In the context of these studies, SEM has been used to observe the crystallite shape,

size, and orientation of non-single-crystal samples. SEM is additionally used as the imaging

method when extracting lamellae of samples via the FIB process.

Fortunately for our purposes, the silicon upon which most of our samples are grown is

conductive, and so is easily imaged by a scanning electron microscope. In those situations

where we use oxide substrates however, the oxide substrates accumulate charge when the

SEM attempts to scan them, and this charging effect prevents quality SEM images from

being obtained

4.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) involves the emission of an electron beam at a

sample, and then detecting electrons that have successfully been transmitted through the

sample.57 As in SEM, to image across an area of a sample, the electron beam is rastered

across that area, and an image is constructed based on the intensity of the transmitted

beam at each point. This refined technique is referred to as scanning transmission electron

microscopy (STEM).

In order for our samples to be thin enough for transmission to consistently occur, lamellae

37



must be extracted via the FIB milling process. As a reward for such effort however, TEM

allows for atom-scale resolution, with direct viewing of the crystal lattice being a straightfor-

ward task once the sample is prepared and the TEM correctly calibrated. When lamella are

prepared such that the cross-section of the sample is viewed, the technique is alternatively

referred to as cross-sectional TEM (XTEM).

For our studies, XTEM is used to view interfaces between substrates and thin films,

image strain fields propagating through our thin films such as those caused by threading

dislocations, and by happenstance as a high-precision method of measuring the thickness of

our samples.

Beyond just imaging, TEM tools are also often equipped with energy-dispersive X-ray

spectroscopy (EDX) functionality, which uses the incident electron beam to promote an inner

shell electron outwards – when the resulting hole is filled in, X-ray wavelength radiation is

released, with characteristic wavelengths depending on the excited element. By scanning an

electron beam over a sample, TEM tools not only can image the sample, but also provide

basic elemental analysis across small regions. This kind of analysis is used to determine the

composition across the CeO2/silicon interface for the samples observed in Chapter 6.

4.3 Ex-situ thickness measurements

Measuring our thin film thicknesses after growth is a vital part of the feedback loop of MBE

growth control. Part of this is to characterize quantities such as distances from interfaces,

which we know to have an impact on rare-earth optical properties.20 More importantly in

the context of this work however, measuring our thickness after the fact confirms our growth

rate, which in turn confirms the Er doping level in each thin film. (Recall that, in Section 3.4,

Er doping levels are dependent both on Er cell temperature and thin film growth rate.)

There are several ways to measure thin film thicknesses, but for this study we primarily

used two techniques: Optical interferometry, and cross-sectional TEM.
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Cross-sectional TEM is a laborious undertaking due to the difficulty of extracting lamella

from our thin films, but it provides the highest accuracy measurement. Optical interferome-

try (via a Filmetrics F40 thin film thickness analyzer) on the other hand is simple and fast,

but suffers in terms of accuracy due to co-variation between thickness and refractive index.

In the context of this work, we established a ground truth thickness via TEM for a limited

set of samples, verified the optical interferometry measurements against that ground truth,

and then performed optical interferometry with that calibration in place.

This process provides us with reliable thickness, and subsequently reliable growth rates

and doping levels. Table 6.1 gives an example of how this process may be used in the

experimental setting.
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CHAPTER 5

EXPERIMENTAL METHODS FOR MEASURING ER ENERGY

STRUCTURE IN OXIDE THIN FILMS

5.1 Characterization of optical spectra

In this section we will discuss characterization of the 4I13/2 ↔4 I15/2 transitions and the

optical spectrum built up from the crystal field splitting in the two levels. We use multiple

techniques to examine different aspects of Er:oxide optical transitions, which are examined

here. The configuration of our optical setup is described in Section 5.1.1, and the measure-

ments performed using that optical setup are described in Sections 5.1.2 to 5.1.4.

A major aspect of characterizing energy spectra, including optical spectra as in this case,

is identifying both the inhomogeneous linewidth and the homogeneous linewidth: In the

case of an ensemble of optically active defects, in our case Er, each defect will have some

linewidth inherent to its own optical transitions; each defect will additionally have some

resonance shift from the expected center resonance, leading to a distribution of resonances

across the ensemble.

The single-defect linewidth, referred to as the "homogeneous linewidth," may be inter-

preted as the uncertainty in the energy emitted when the defect’s transition occurs. The

homogeneous linewidth, represented by Γhom, is inversely related to the coherence time,

or rather, the duration for which a state may successfully maintain a coherent superposi-

tion: Γhom = 1/πT2, for a coherence time T2. In the case where there are no additional

decoherence-causing processes, Γhom will be limited only by the radiative lifetime, such that

T2 ∼ T1.14 Broadening of the homogeneous linewidth may additionally be caused by dy-

namic processes that act as perturbations on the individual defect’s transition frequency or

phase,18 with corresponding decrease in the coherence time.

The ensemble linewidth due to shifts in resonance in each defect, referred to as the
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Figure 5.1: Schematic of the relationship between the homogeneous linewidth of individual
defects (represented by red dotted lines), the inhomogeneous linewidth of the ensemble of
defects spread around the transition frequency (blue dashed line), and the convolution of the
two that is measured via photoluminesence and photoluminesence excitation spectroscopy
(black solid line).

"inhomogeneous linewidth," may be interpreted as the spread of the defect resonances due

to inconsistencies in the defect environments. For example, the crystal field may be strained

near interfaces, or the presence of other randomly-placed dopant defects may lead to slight

variations in the environment of a given defect compared to its neighbor. The aggregate of

this shifting produces the inhomogeneous linewidth Γinh.

The profile of an Er optical transition as measured by photoluminesence or photolumi-

nesence excitation spectroscopy (as described in the coming sections) is the convolution of

the homogeneous and inhomogeneous profiles.58 The two profiles will be Lorentzians for

the doping densities at which we are working, resulting in measured profile linewidths that

are simply the sum of Γinh and Γhom.18 (A schematic of this relationship is shown in Fig-

ure 5.1.) However, homogeneous linewidths for low-doped Er in oxides are usually in the

MHz to single GHz range, whereas the inhomogeneous linewidths are in the 10s of GHz

range at minimum.14 As such, Γhom ≪ Γinh and we may directly take the measured pro-

file linewidths as the inhomogeneous linewidths. The homogeneous linewidth must then be
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Figure 5.2: Schematic of the optical setup used for near-IR photoluminesence excitation
spectroscopy measurements. 1.5 µm light is routed from the laser through the fiber-coupled
EOM and AOMs to produce appropriate excitation pulses, then passed into free space and
through the beam splitter to the objective, where the laser is focused onto the sample. Light
is then collected through the other path of the beam splitter back into the fiber network,
gated by an additional AOM, and then detected via the SNSPD. Diagram reproduced with
permission from Zhang et al 2023. DOI: 10.48550/arXiv.2309.16785

measured via other methods such as transient spectral holeburning (Section 5.1.3) or optical

echo (Section 5.1.4).

5.1.1 Description of the optical setup

Measurement of the 4I13/2 ↔4 I15/2 transitions available to Er3+ is performed by laser

excitation of the samples at or near resonance to one of the Er transitions Zi-Yj , followed by

filtering out of the laser excitation, and finally analysis of collected erbium emission. We use

multiple experimental configurations to examine different aspects of erbium spectra, which

we review here. The base configuration of our optical characterization setup is as shown in

Figure 5.2, and is described in the following paragraphs.

For this research, we have performed optical characterization using a custom confocal mi-

croscopy setup designed for telecom C-band spectroscopy, with samples mounted in a cryostat
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at 3.5 K (s50 Cryostation, Montana Instruments). Custom Python scripts are used to con-

trol the experimental configuration, such as sample temperature, excitation wavelength, and

pulse timings. The measurements employ a Toptia CTL 1500 continuously-tunable diode

laser with a wavelength range of 1460 nm to 1570 nm, an absolute accuracy better than 0.15

nm, and a relative accuracy of better than 0.01 nm. The laser head delivers greater than 50

mW of power, which results in up to 1 mW of power incident upon the samples after passing

through the setup.

The laser is first passed through an electro-optic modulator (EOM) module. The EOM

module may employ either an intensity EOM or a phase EOM, depending on the mea-

surement being performed. Details of the respective EOMs are discussed in the respective

measurement sections. The tunable laser signal is then passed through a pair of fiber-coupled

acousto-optic modulators (AOMs) with a rise time of 30 ns (MT80-IIR30-Fio-PM0.5-J1-A-

Ic2, AA Opto Electronic) for pulse shaping, and then passed into free space. If wavelengths

in the 1470 nm to 1490 nm range are used, a 1480 nm bandpass filter is brought into the

laser path to prevent leakage of excess amplified spontaneous emission from the laser, which

emits at >1500 nm. (The bandpass filter state is toggled frequently since 1473 nm light

is used for laser path focusing and alignment, and so the filter is mounted on a motorized

flip mount.) Laser light is then routed through a 50:50 beam splitter, through a three-axis

periscope stage (Newport), and into a 0.65 NA objective lens focused on the thin film sample

mounted within the cryostat.

Photons emitted from the sample are collected by the objective lens, then routed back

to the 50:50 beam splitter, where the photons are directed through a pair of 1500 nm long-

pass filters (ThorLabs FELH1500) to filter out any 1470 nm to 1500 nm laser light, and

then collected back into the fiber network by a dedicated collimator. The collected light

is gated by an additional AOM (AMM-55-4-50-1550-2FP, Brimrose) to prevent overloading

of the detector during laser excitation. The collected and gated light is detected with a
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superconducting nanowire single-photon detector (SNSPD) housed within a second cryostat

and optimized for near 1.5 µm detection at near 80% quantum efficiency (Quantum Opus).

Event timing for the AOMs is governed by a Pulse Streamer 8/2 (Swabian Instruments),

and additional static parameters (such as laser wavelength, periscope position, and AOM

attenuation) are set by network and USB connections plus a DAQ for delivering fixed voltage

signals. Single photon counting is handled by a Time Tagger Ultra (Swabian Instruments),

which is synchronized to the Pulse Streamer by a dedicated clock signal.

A variant of this setup is used for performing continuous measurements with a spectrom-

eter. Strictly using laser light shorter than 1500 nm, all AOMs are simultaneously opened

for continuous laser excitation and light emitted from the samples at longer than 1500 nm

is routed to a low-noise InGaAs camera (PyLoN IR, Princeton Instruments) instead of the

SNSPD.

An additional variant of this setup is used for performing pulsed measurements under

a vector magnetic field. Instead of the s50 cryostat, samples are placed in a BlueFors di-

lution refrigerator equipped with fiber-coupled optical access and a 3-axis electromagnet,

with field strengths up to 250 mT. To route light to the dilution fridge, the excitation and

collection path AOMs are connected to ports 1 and 3 of a fiber-coupled circulator (ThorLabs

6015-3-APC), with port 2 connected to the dilution fridge optical access port to illuminate

the sample with laser light and route emitted light back towards the SNSPD. The sample

temperature in the dilution fridge is held at 3.5 K to match measurements performed in the

cryostat.

5.1.2 Photoluminescence and photoluminescence excitation measurements

Photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopy are two

methods for observing the positions and inhomogeneous linewidths of optical transitions,

in our case between the Er3+ Z levels and Y levels.
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In PL, the excitation laser is tuned to at or above the energy required to excite Er ions

from the Z1 state to the highest Y state, either Y5 for a cubic site of Y7 for a non-cubic

site. The excitation laser is operated continuously, with excitation and collection AOMs

fully open without any pulsing. For Er:CeO2, we may use a laser wavelength of 1473 nm for

this purpose. The 1473 nm light excites the Er ions, which then non-radiatively into the Y

levels. Radiative decay then occurs from the Y levels into the Z levels, and emission occurs at

wavelengths corresponding to Yi-Zj transitions. Most of these transitions have wavelengths

longer than 1500 nm, so we use long pass filters to filter out the laser light before routing the

emission from the samples to the spectrometer. We may then observe the peak locations,

intensities, and linewidths for transitions corresponding to the decay from Yi levels to Zj

levels (given their emission wavelengths are longer than 1500 nm).

By contrast, in PLE, the excitation laser wavelength is swept resonantly across a partic-

ular Zi to Yj transition. AOMs are used to shape the laser signal into a 1.5 ms excitation

pulse, after which the laser is gated to no longer illuminate the sample. This begins the

collection period, which may be anywhere from 3 to 10 milliseconds long, depending on the

needs of the measurement and the sample being measured. During the collection period, the

Er ions slowly decay from the Yj level into which they were excited during the excitation

interval back down into the Z levels. As the Yj level depletes, the intensity of the emission

decreases over time – this produces a characteristic decaying exponential over the time t,

with intensity I(t) ∝ e−t/T1 yielding the excited state lifetime T1. By summing all of the

photon counts recorded for a single wavelength, the total amount of Er ion absorption from

Zi to Yj is established. By counting the total number of counts at wavelengths stepped

across a given transition, an inhomogeneous lineshape is established. An example of a PLE

measurement is shown in Figure 5.3, where the excitation wavelength was swept from 1529.5

nm to 1532 nm in 0.02 nm steps, and the excitation/collection process was repeated 12,000

times at each wavelength – the integrated counts from the lifetime measurements at each
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Figure 5.3: A standard example of data produced by a photoluminescence excitation (PLE)
spectroscopy scan, in this case upon a 750 nm thick, 15 ppm Er CeO2 thin film grown on
silicon. The upper left panel shows the resulting PLE spectrum obtained by integrating time-
resolved counts at each wavelength, the upper right panel shows the time-resoled decreasing
counts over time corresponding to the excited state lifetime T1 at the maximum of the
spectrum, and the lower left panel shows T1 as a function of the excitation wavelength. The
lower right section of the figure shows the experimental conditions used for this scan, such
as a collection duration of 7 ms and a sample temperature reading of 3.56 K.

wavelength, shown in the top right panel, generated the PLE spectrum in the top left panel.

Excited state lifetime T1 measurements require no further analysis – they are effectively a

byproduct of the PLE measurement procedure, and can be fit automatically as measurements

are taken. To obtain inhomogeneous linewidths however, the Lorentzians must be fit against

each peak, taking careful note to perform the fitting in energy or frequency space (to obtain

a linewidth in GHz, meV, etc.) instead of in wavelength space.
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Figure 5.4: A schematic of the interaction of an ensemble of emitters and the three laser
peaks used for transient spectral holeburning (TSHB). In this image, a population of defects
with homogeneous linewidths (indicated by the red dotted lines) are spread across a broad
inhomogeneous distribution (indicated by the black line). Incident laser peaks are indicated
by blue bands – including the sidebands detuned by ±5 units allows the excitation of an
additional two defects for a total of three, compared to just one defect if all the laser peaks
are tuned to zero detuning energy units. The transition from one defect being excited to
three defects being excited is governed by the homogeneous linewidth of the emitters, as
described in Section 5.1.3.

5.1.3 Transient spectral holeburning measurements

Transient spectral holeburning measurements (TSHB) are an ensemble measurement per-

formed to measure the spectral-diffusion limited homogeneous linewidth, usually referred to

as the spectral diffusion linewidth or the holeburning linewidth. TSHB is performed with

a similar process to PLE, where we run excitation/collection processes while stepping an

independent variable, and integrate the result at each step. In the case of TSHB however,

the excitation laser is fixed to be on-resonant with a crystal field transition identified by PL

or PLE, and the independent variable is the detuning of a set of sidebands from the center

laser frequency.

To explain further: a phase electro-optic modulator (EOM, iXblue) is placed into the

optical path as shown by the EOM block in Figure 5.2, where it modifies the laser excitation
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Figure 5.5: A standard example of data produced by a transient spectral holeburning (TSHB)
scan, in this case upon a 750 nm thick, 15 ppm Er CeO2 thin film grown on silicon. The left
panel shows the resulting holeburning curve obtained by integrating counts at each detuning
frequency. A Lorentzian fit is automatically applied to the holeburning curve. The right
section of the figure shows the experimental conditions used for this scan, such as a detuning
range maximum of 1200 MHz and a sample temperature reading of 3.55 K.

by an oscillating phase modulation. This phase modulation generates additional distinct

laser peaks, offset from the center laser frequency – these additional peaks are referred to as

"sidebands," and are spaced equally from the center laser frequency. These sidebands may

be detuned from the center laser peak between 1 MHz and 6 GHz, with the detuning range

restricted by the laser jitter (for our system, ∼ 1 kHz to ∼ 1 MHz uncertainty in the laser

emission frequency) on the low-frequency end and by the maximum frequency of the signal

generator (SRS 396) used to control the phase modulation on the high-frequency end.

The central idea of the TSHB measurement is as follows: At zero sideband detuning, the

three laser peaks all interact with the same sub-ensemble of erbium within the inhomogeneous

distribution. In Figure 5.4, the three laser peaks are all within the dark blue band at zero

detuning, and only one homogeneous profile would be under resonance and being saturated

– when laser excitation is lifted, one unit of intensity is counted as emitted from the sample.

At large detuning, the three laser peaks are all fully separated from each other, as the
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lighter blue bands are distinct from the dark blue band in Figure 5.4. In this case, three

homogeneous profiles are under resonance and being saturated – so when laser excitation

is lifted, three units of intensity are counted as emitted from the sample. In intermediate

regions between zero detuning and large detuning, the increase in intensity corresponds to

the homogeneous profile of the Er ions within the ensemble.22,29

The resulting lineshape when detuning is swept is a Lorentzian with full-width at half-

max (FWHM) ΓTSHB, and the actual homogeneous linewidth is upper bounded by half

the value of ΓTSHB – rather, Γhom ≤ ΓTSHB/2. When discussing the results of TSHB

measurements, this upper bound linewidth is sometimes referred to as the spectral diffusion

linewidth ΓSD = ΓTSHB/2. A practical example of this measurement is shown in Figure 5.5,

with the Lorentzian fit applied and ΓSD shown.

5.1.4 Optical echo measurements

Optical echo measurements, also referred to as photon echo measurements, is an alternative

method – complementary to TSHB – for finding the homogeneous linewidth Γhom of the

optical transition. Whereas TSHB can probe a minimum ΓSD of 1 to 5 MHz, optical echo

can probe a maximum Γhom linewidth of ∼ 1 MHz.

In photon echo, two laser pulses, both on-resonant with a particular transition, illuminate

the sample in quick succession. The first pulse produces a superposition between the ground

state and the excited state – a π/2 pulse, in Bloch sphere parlance. After a delay time τ

during which the illuminated defects dephase with each other, another pulse is supplied,

reversing the populations of the ground and excited state – a π pulse – and as such reversing

the dephasing process that occurred during the delay time. When the defects re-phase a

duration τ after the π pulse, a coherent optical pulse is generated by the ensemble.14,59

AOMs are relatively slow (with opening and closing times in the 10s of nanoseconds),

and so an intensity electro-optic modulator (EOM, iXblue) is added to the optical setup
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Figure 5.6: Schematic of the photon echo pulse sequence as described in Section 5.1.4 Note
times and amplitudes are not to scale. Subsequent π/2 and π pulses separated by a delay
time τ cause an coherent optical pulse to be released at a time 2τ after the π/2 pulse, due
to the induced rephasing caused by the π pulse.

as the EOM block in Figure 5.2 to supplement pulse generation for these measurements.

The intensity electro-optic modulator is operated in much the same way as the AOMs, with

electrical logic pulses causing the EOM to open and close. However, the EOM opening and

closing speed is much faster (on the order of 1s of nanoseconds).

A practical schematic of this process is shown in Figure 5.6. To reduce laser-bleedthrough,

we start with both the intensity EOM and the excitation AOMs closed. First the excitation

AOMs are opened (this is a relatively slow process, taking up to 30 ns), after which the π/2

pulse is produced by briefly opening the EOM. After the delay time τ , for our experiments

ranging from 180 ns to 700 ns, the π pulse is supplied by opening the EOM again, and then

both the EOM and the excitation AOMs are closed. The collection AOM is then opened,

and the photon echo from the sample is observed on the detector. The collection AOM is

then closed, and the process repeats.

In our setup, the excitation laser is set to be resonant with the Y1-Z1 transition of our

samples (discussed in Chapter 6), with laser power tuned to produce π/2 and π pulse areas.60

We have selected a 10 ns π/2-pulse followed by a 20 ns π-pulse after a delay τ between 180

ns and 700 ns. The length of the π/2 pulse is limited to at least 10 ns, as that is the
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shortest possible pulse enabled by our instrumentation. This shorted possible pulse is used

to minimize dephasing during the excitation process.

Now that we understand the measurement process, we note that TSHB and optical

echo additionally probe different sets of ions within the ensemble. TSHB accumulates all

decoherence processes over the course of a long (∼ 1 ms) excitation period – and so, both

fast and slow processes will contribute to the measured linewidth. On the other hand, optical

echo measurements occur over very short times (∼ 1 µm), and the dynamics involved cause

the slow decoherence processes to be compensated for – so only the fast decoherence processes

are included in the optical echo-measured homogeneous linewidth.

5.2 Characterization of spin spectra

In this section we will discuss characterization of the Zeeman-split 4I15/2 spin transitions,

and the spin resonance spectra built up from that energy structure. We primarily use electron

paramagnetic resonance (EPR) for this investigation, which is described in Section 5.2.1. The

measurements performed using the EPR technique are described in Section 5.2.2 and 5.2.3.

Another method is that of optically-probed spin lifetime measurements, which is discussed

in Section 5.2.4.

5.2.1 Description of electron paramagnetic resonance

Electron paramagnetic resonance (EPR) is an experimental method where in the Zeeman

resonance condition – hν = gµBB for an electron spin-1/2 system – is set up for magnetically

active samples, and the behavior of the sample at and around resonance is investigated. The

resonance condition requires two parameters be established by the experimental conditions

– the magnetic field B, and the frequency ν. The g-factor g dictates where the resonance

occurs and is the parameter under test, and the Planck constant h and the Bohr magneton

µB are constants.
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The apparatus used for EPR measurements is described in detail in a number of excellent

texts,61,62 so we will not discuss the apparatus in this section. However, we will make note

of a few considerations that arise in our experiments. Namely, the magnetic field B is

provided with a specific orientation. We are mainly concerned with the direction of the

static magnetic field with respect to the sample, particularly if the g-factor is anisotropic.

We can align the samples with respect to the magnetic field within a precision of a few

degrees - this alignment is noted where needed. Additional experimental considerations are

discussed for the two types of EPR performed in these studies.

5.2.2 CW measurements

Continuous wave (CW) X-band (ν ∼ 9.5 GHz) EPR experiments were carried out with a

Bruker ELEXSYS II E500 EPR spectrometer (Bruker BioSpin), equipped with a TE102 rect-

angular EPR resonator (Bruker ER 4102ST). Field modulation at 100 kHz in combination

with lock-in detection leads to first derivative-type CW EPR spectra. Measurements were

performed at cryogenic temperatures between 4.0 and 4.2 K, with temperature governed

by a helium gas-flow cryostat (ICE Oxford) and an ITC (Oxford Instruments). Er:CeO2

samples, as discussed in Chapter 6, were mounted with the static magnetic field parallel to

the Si⟨110⟩ axis after being diced to the appropriate size to fit within EPR supercell tubes.

Measurements use a field modulation of 1 mT, a microwave power attenuation of 35 dB

(from 200 mW), and a field step size of 0.2 mT.

5.2.3 Pulsed measurements

Pulsed X-Band (ν ∼ 9.7 GHz) EPR experiments are taken using an ELEXSYS E580 spec-

trometer (Bruker Biospin) equipped with a dielectric ring resonator (Bruker ER 4118X-

MD5). Er:CeO2 samples, as discussed in Chapter 6, were mounted with the static magnetic

field parallel to the Si⟨110⟩ axis after being diced to the appropriate size to fit within EPR
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supercell tubes. The supercell tubes were suspended in the center of the dielectric ring res-

onator contained in a flow cryostat (Oxford Instruments CF935) with pumped liquid helium.

The data shown in the manuscript are obtained at 3.6K with temperature controlled by an

ITX temperature controller (Oxford Instruments).

For spin echo field sweep measurements, a two-pulse Hahn echo sequence61 is applied

with a 12 ns π/2-pulse followed by a 24 ns π-pulse with a fixed delay τ of 100 ns. The

pulse length is chosen for the shortest achievable length to cover a large bandwidth of spin

ensemble. For spin coherence measurements, the same Hahn echo sequence is used with a

varying delay τ ranging from 100 ns to 1300 ns. For spin relaxation measurements, a three-

pulse population inversion sequence is used where a 24 ns π-pulse is followed by a two-pulse

Hahn echo sequence with varying time delay τ . The two-pulse Hahn echo sequence used here

is composed of a 12 ns π/2-pulse followed by a 24 ns π-pulse with a fixed delay τ of 100 ns.

5.2.4 Optical spin lifetime measurements

Optical probing of spin relaxation dynamics was carried out using the dilution refrigerator

configuration of the optical setup described in Section 5.1.1. The specifics of the magnetic

field and pulse sequence used are closely related with the samples being measured, and so

the reader is invited to review this section again after reading the first parts of Chapter 6.

To begin the optical spin lifetime measurement, the spin levels in the Z1 and Y1 states are

split by applying a magnetic field using the dilution fridge’s vector magnet. The excitation

laser wavelength is then identified based on the g-factor of the Er ions, and tuned to excite

from the Z1 spin-down level to the Y1 spin-up level.

A 100 µs pulse at this resonance depletes the population of electrons in the Z1 spin-down

level. The pulse length is chosen to be longer than optical π pulse for improved optical

contrast but short enough that emission from Y1-Z1 transition does not alter the electron

populations between the Z1 spin-up and spin-down states too dramatically. The relaxation
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Figure 5.7: Two pulse sequence for optically measuring spin T1. The first pulse, labelled
1, slightly depletes the Z1 spin-down state. The second pulse, labelled 2, measures the
population of the Z1 state after a delay τ by integrating the optical relaxation emission.
The combined emission from the two pulses is collected after the 2 pulse. To compensate
for the small contribution ∆ to the integrated signal, a reference measurement is performed
without the 2 pulse and then detected counts are subtracted from the two-pulse measurement
counts.

of spin-up to spin-down is then probed by a second 100 µs pulse after time τ by exciting the

electrons in the Z1 spin-down level and tracking the subsequent emission. This sequence is

shown in Figure 5.7.

Given the spin relaxation time T1 is on the same order of magnitude as the optical lifetime

of the Y1-Z1 transition, we sample and subtract the emission triggered from the first optical

pulse but collected in the collection window. To accomplish this, a reference measurement

with only the first pulse is carried out for background subtraction, with a number of counts

∆ removed (per Figure 5.7). The population recovery of spin-up to spin-down state is then

identified as the difference in counts between the measurements with and without the first

pulse as a function of the time delay τ between the first and second pulses.
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CHAPTER 6

DEVELOPING ER-DOPED CERIUM DIOXIDE AS A

QUANTUM MEMORY PLATFORM

This chapter is adapted with permission from Grant et al.63 and Zhang et al.,60 including

text and figures from both works.

6.1 Selecting cerium dioxide as a host

While the selection of Er3+ as our qubit defect is secure, the particular choice of host for

our Er3+ again depends on our use case. Different oxides may present longer T1 times (e.g.

Y2O3,
23), guaranteed long coherence times under specific conditions (e.g. Y2SiO5

64), max-

imal electron spin coherence (e.g. CeO2), or straightforward nanofabrication on silicon(e.g.

TiO2). For this project we set out with the target of optimizing electron spin coherence.

Optimizing the electron spin coherence of Er3+ for quantum memory applications neces-

sitates selection of an environment with minimal decoherence sources, and for high-quality

wide-bandgap crystals at cryogenic temperatures the leading factor of decoherence is nearby

nuclear spins within the host material.31 A recent computational study identified that cerium

dioxide (CeO2) is an optimal host for maximizing electron spin coherence,31 due to the near-

zero natural abundance of nuclear spins in its constituent elements.32 CeO2 is additionally

attractive as a host since its lattice constant (5.41 Å) is close to the lattice constant of Si

(5.43 Å).35 This leads to a low lattice mismatch of −0.4% when CeO2 is epitaxially grown

on Si substrates (irrespective of its orientation). Heteroepitaxy on silicon then provides an

avenue for scalability and future integration with photonic and electronic quantum devices.

To study the viability of Er:CeO2 for use as a telecom-wavelength interfaced spin qubit

platform, we benchmark the spin and optical properties of Er-doped CeO2 thin films grown

on Si(111) by molecular beam epitaxy (MBE). Previous work on CeO2/Si epitaxy has focused
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mostly on microstructural studies.65,66,67,68 Inaba et al.50 have examined Er:CeO2/Si down

to 10,000 parts per million (ppm) Er and reported preliminary Er3+ optical characterization

results at 4 K, including an optical excited state lifetime (T1) of 1.5 ms at 1512 nm. We

have focused on significantly lower Er concentrations (2-130 ppm) than have been studied

previously in CeO2. This regime is of interest for quantum applications since typically below

10 ppm the effects of inter-dopant dipolar interactions are reduced such that, taking into

account only the Er dopants themselves, dephasing times – which are important for quantum

applications – should primarily be limited by the radiative lifetime.14

Over the course of this chapter, we first conduct a detailed study of the MBE-grown

Er:CeO2(111) thin film on Si(111) system, starting with a microstructural study of the thin

film where we confirm that CeO2 grows epitaxially on the Si(111) substrate with appropriate

Ce4+ valency. We then examine the spin properties of the Er doped into the CeO2 system

by electron paramagnetic resonance (EPR), where we identify results consistent with Er3+

substituting into the cubic Ce4+ site and observe a narrow EPR linewidth of 245(1) MHz at

concentrations of 2-3 ppm.

Once Er incorporation is confirmed, we examine the optical properties of the trivalent

Er3+ dopants at 3.5 K, and we identify an optical inhomogeneous linewidth of 9.5(2) GHz, a

spectral diffusion linewidth as narrow as 4.8(3) MHz, and an optical lifetime as long as 3.5(1)

ms at 2-3 ppm doping levels. Of particular note is that the spectral diffusion linewidths found

here via transient spectral hole burning – though broader than in bulk or with nanostructures

built upon bulk samples as measured by spectral hole burning69 or photon echo25,18,70 –

are narrower by an order of magnitude than other reports of spectral diffusion in thin film

or nanostructured Er-doped oxides on silicon.20,21,22

We make use of the narrow spectral diffusion linewidths at low doping levels (3 ppm) to

explore explore the intrinsic optical coherence and electron spin coherence of Er3+ in CeO2.

Using two pulse photon-echo measurements, we demonstrate that the Er3+ ions have long-
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lived optical states with a narrow homogeneous linewidth of ∼ 440 kHz and optical coherence

of ∼ 0.72 µs at 3.6 K. Temperature-dependent data suggests that the homogeneous linewidth

could be less than 200 kHz at milliKelvin temperatures with optical coherence times of > 1.6

µs, indicating the potential of Er:CeO2 as a usefully long optical quantum memory. Ideally,

the reduced magnetic field noise from a low nuclear spin environment in the CeO2 film also

yields electron spin polarization with a slow spin-lattice relaxation, thereby enabling access

to the electron spin dynamics even at 3.6 K, which is not observable in other well-studied

host materials including Y2SiO5, YVO4, and CaWO4.
71,72,73. We demonstrate here that

Er3+ in CeO2 show a spin coherence time T2 ∼ 0.66 µs at the isolated ion limit with a spin

relaxation time of T1 ∼ 1 ms, indicating the potential for millisecond scale spin coherence.

To explore the impact of post-processing the Er:CeO2 thin films, we also identify the

trends by which the EPR, optical inhomogeneous, and spectral diffusion linewidths narrow

and the excited state lifetime increases as a function of decreasing Er concentration. Exam-

ining Er:CeO2 films annealed at up to 900 ℃, we find yields narrowing of the inhomogeneous

linewidth by 20% and lengthening of the excited state lifetime by 40%.

6.2 Growing samples for Er:CeO2/Si(111) studies

For these studies, we grew a selection of seven Er:CeO2 thin film samples with Er concen-

tration between 2 ppm and 130 ppm, each with a thickness much greater than necessary

in similar systems to obtain diminishing returns in improving the optical linewidths.20 The

thicknesses of these films ranges from 740 nm to 940 nm, and are shown in Table 6.1. An

additional sample was used for the annealing studies discussed in Section 6.7. This sample

has an Er doping level of 3 ppm and a CeO2 film thickness of 200 nm.

To produce these samples, we follow the MBE growth procedures laid out in Chapter 3 to

grow Er:CeO2 thin films on Si(111). For this growth campaign, Er and Ce were evaporated

using resistively heated effusion cells (Riber HT-12), and ultra-high purity molecular oxygen
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Er Doping Level (ppm) 2 3 14.5 15 50 90 130
CeO2 Film Thickness (nm) 760 940 740 800 775 860 835

Table 6.1: Details on samples used in the Er:CeO2 doping series

(O2) was provided via an MKS mass flow controller. Beam equivalent fluxes of the Ce and

O2 were determined using a beam flux monitor to set a ratio of O2 to Ce of ∼ 20 during

growth, with growth rates of 250-360 nm/hr.†

6.3 Characterization of Er:CeO2 microstructure

Microstructural characterization of the CeO2 begins immediately subsequent to growth. Fig-

ure 6.1(a) shows the RHEED pattern of the surface of a 3 ppm Er, 940 nm thick CeO2 film

on Si(111) immediately following growth, with the electron beam incident along the Si⟨110⟩

azimuth. No significant changes in RHEED patterns are noted during growth or for different

Er doping concentrations. The streaky pattern indicates a smooth, single-crystalline surface

and is consistent with an epitaxial CeO2(111)/Si(111) alignment between the epilayer and

substrate.

This is further confirmed by cross-sectional TEM (XTEM) studies. XTEM studies are

carried using a Thermo Fisher Spectra 200 operated at 200 keV in scanning transmission

electron microscopy (STEM) mode. The same beam conditions are used for energy-dispersive

x-ray (EDX) spectroscopy. Figure 6.1(b) shows a representative high-resolution bright field

XTEM image, with diffraction patterns shown in the inset. A 4 nm thick amorphous layer

is observed at the CeO2/Si interface. We identified a mixed CeOx-SiOy composition across

this layer via EDX (Figure 6.1(c)). Similar interfacial oxide layers have been observed in

CeO2/Si previously50 and are a well-known phenomenon in ionic oxides grown on Si,23,74

†. The O2/Ce ratio is different here than what was discussed in Section 3.5 because the effusion cell for
Ce was changed between the two growth campaigns, resulting in altered Er:CeO2 growth window conditions.
The ratio of ∼20 describes the identified growth window for the configuration used in this study.
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Figure 6.1: Epitaxy of a 3 ppm Er, 940 nm thick CeO2 thin film on Si. (a) RHEED pattern
of the as-grown epitaxial CeO2 surface with the electron beam along the Si⟨110⟩ azimuthal
direction. (b) High resolution XTEM of the Er:CeO2/Si structure showing epitaxial registry
of the CeO2 with the Si substrate, as well as a 4 nm thick amorphous bilayer between the
film and substrate. Diffraction patterns from the epilayer and substrate are shown in the
insets. (c) EDX scan across the CeO2/Si interface, showing that the amorphous bilayer is
composed of a mixed Ce and Si oxide that is Ce and Si rich for the top and bottom layers
respectively. Each intensity trace is normalized to the maximum counts for that element.

resulting from oxygen diffusion followed by catalytic oxidation of the buried silicon interface.

In addition to the amorphous bi-layer, low-magnification bright field XTEM (Figure 6.2)

shows an epilayer threading dislocation density on the order of 109 cm−2. Similar threading

defects can be seen in the XTEM studies of CeO2/Si by Inaba et al.50 Threading segments do

not relieve lattice mismatch strain, and we ascribe the formation of these threading defects

to the initial stages of epitaxial growth of CeO2, possibly due to the formation of localized

patches of oxidized silicon due to catalytic effects of the deposited CeO2.
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Figure 6.2: Low magnification bright field cross-sectional TEM of the full thickness of an
as-grown Er:CeO2 film (940 nm thick, 3 ppm erbium) on silicon, showing the presence of
numerous threading dislocations, with an areal density of approximately 3.3×109 dislocations
per cm2.

An ω-2θ XRD scan of a 3 ppm Er, 940 nm thick CeO2 sample, as shown in Figure 6.3(a),

is carried out to further observe the as-grown crystal structure. The scan yields a CeO2(111)

peak with a full-width at half maximum (FWHM) of 630 arcsec, qualitatively consistent with

the threading dislocation density observed. The peak separation between the Si(111) and

CeO2(111) peaks is ∼700 arcsec indicating that most of the misfit strain remains elastically

stored in the film.

To corroborate the crystal structure identified by XRD, XAS of the Ce M-edge on a

35 ppm Er, 240 nm thick CeO2 on Si sample shows two sets of peaks related to the M5

and M4 transitions of electrons from 3d core orbitals to unoccupied p- and f-like symmetry

orbitals, as seen in Figure 6.3(b). The positions of the main peaks at 883 eV (M5) and 901

eV (M4) relate to the electric-dipole allowed transitions to 4f states75,76,77 and are consistent

with the Ce4+ valence state and the formation of CeO2 (as opposed to Ce3+ and Ce2O3).

The satellite peaks at 889 eV (Y) and 906.5 (Y’) result from transition to 4f states in the

condition band and are additional indicators of predominately Ce4+ valency.78,79 Overall,

60



Figure 6.3: X-ray microstructural study of as-grown Er:CeO2 samples. (a) ω-2θ XRD scan
of a 3 ppm Er, 940 nm thick CeO2 thin film on Si. The CeO2 peak is located at 28.65°,
with a FWHM of 630 arcsec. (b) X-ray absorption spectroscopy of a 35 ppm Er, 240 nm
thick CeO2 thin film on Si. The cerium M4 and M5 edges are shown, as detected by total
electron yield (TEY) mode and normalized to the maximum measured intensity. Consistent
with Ce4+, the M5 and M4 peaks are at 883 eV and 901 eV respectively. The satellite peaks
Y and Y’ are observed at 889 eV and 906.5 eV respectively.

spectral shape and peak separation are consistent with the Ce4+ oxidation state, and peaks

corresponding to Ce3+ are not identifiable within the spectrum. This data together with the

XRD and XTEM studies suggests that we have a CeO2 film where the Ce3+ concentration

is likely less than 1%, beyond the detection limit of the experimental setup.

6.4 Characterization of the Er:CeO2 spin system

We begin our analysis of the aggregate Er:CeO2 system by looking at the embedded Er3+

electron spin spectrum. This gives us two vital pieces of information: first, the effective

g-factor of the electron spin can confirm the placement of Er within the CeO2 host matrix;

second, the spin linewidth gives us a frame of reference regarding the degree to which defects,

such as the threading dislocations identified in Section 6.3, may impact overall spin and
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optical behavior within our thin films.

6.4.1 Extraction of g-factor, hyperfine coupling factor, and spin linewidth

As stated, the incorporation of Er3+ into the CeO2 films is confirmed by identifying erbium-

specific spin state splitting under EPR. We perform our spin characterization via low-

temperature EPR, as described in Section 5.2. Low-temperature EPR probes the lowest-lying

level of the 4I15/2 manifold, where an effective spin-1/2 system is valid for identifying the

features of the resultant spectra, per 2.1.3:†

H = µBBgS + SAI (6.1)

In the effective spin-1/2 Hamiltonian H (Eq. 6.1), the first term covers the Zeeman

splitting of the electron spin states S proportional to the Bohr magneton µB , the applied

magnetic field B, and the effective g-factor produced by local structure. The second term

accounts for the hyperfine interaction between the electron spin S and the nuclear spin I for

Er isotopes with a non-zero nuclear spin, governed by the hyperfine splitting tensor A.

Figure 6.4(a) shows a representative example of an EPR spectrum (blue dots) obtained

from the 3 ppm Er, 940 nm thick CeO2 sample. We identify a primary resonance peak near

100 mT surrounded by a set of lower-intensity resonance peaks. The primary peak arises

from the absorption of the Er3+ electron spin transition for the 77% of naturally abundant

nuclear spin I = 0 Er isotopes (primarily 166Er, 168Er, and 170Er). The lower-intensity peaks

arise from the hyperfine interaction between the electron spins and the remaining naturally

abundant nuclear spin I = 7/2 isotope (167Er), which yields eight hyperfine peaks. Seven

hyperfine peaks are easily identifiable adjacent to the primary peak; the eighth hyperfine

†. Recall that this effective Hamiltonian includes a dramatic simplification of the hyperfine term in full
rare-earth Hamiltonian in Section 2.1.3, to the formulation stated in Equation 2.18. This simplification is,
however, allowed due to the fact that all spin states observed simultaneously with this technique are within
the same J manifold of Er3+.37
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Figure 6.4: EPR study of Er:CeO2 thin films on Si, with measurements are performed at
4.0-4.2 K. (a) CW EPR resonance spectrum of Er:CeO2, obtained from a 3 ppm Er, 940 nm
thick sample. A primary peak at ∼ 100 mT is produced by nuclear spin zero Er isotopes,
and secondary peaks due to the less abundant 167Er are visible around the main peak.
Peak locations are fitted using Eq. 6.1 (magenta dashed line), and we obtain the g-factor
g = 6.812(5) and hyperfine splitting parameter A = 687(1) MHz. (b) The Er spin resonance
linewidth as a function of Er concentration, extracted from the primary peak of the CW EPR
spectrum at each Er concentration (black dots). Uncertainties in the extracted linewidths are
within the data marker size. A linear fit to the Er concentration (red dashed line) matches
the trend of the data, and is discussed further in the main text.

peak is obscured by the primary peak.80

The measured EPR spectrum is fitted (Figure 6.4(a), magenta dashed line) to the energy

structure defined by Eq. 6.1 to extract effective g-values, hyperfine parameters A, and EPR

linewidths. Resonance peaks are described with first derivatives of Lorentzians, and the

hyperfine peak locations are identified accounting for second-order perturbation in nuclear

spin.81 We extract an effective value g = 6.812(5) and a hyperfine splitting of A = 687(1)

MHz for the displayed sample.
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6.4.2 Placement of Er in the CeO2 host matrix

The location of Er in the CeO2 host matrix is an vital consideration – we want to make

sure the Er is being placed consistently, but also we want to ensure that we have proper

knowledge of the site symmetry in which the Er rests, so that when we look at the optical

transition we know how many crystal field levels to expect, per Section 2.1.2.

Some studies in other trivalent metals doped into CeO2 crystals indicate that above a

certain critical doping level, the dopant can occupy interstitial sites in the CeO2 matrix.82

Fortunately for our purposes, this critical doping level is in the regime of several percent,

and we are far below this – with at most ∼ 100 ppm Er.

The g-factor of 6.812(5) for our Er:CeO2 thin films is consistent with theoretical study

of Er3+ residing in a cubic crystal field symmetry,83 and is additionally consistent with

experimental study of Er:CeO2 in bulk and nanocrystal form.83,84 Additionally, while CeO2

has three Wyckoff sites with cubic symmetry, the comparable size of the Ce4+ and Er3+

ions (for coordination number 8, ionic radii of 0.97 Å and 1.004 Å respectively85) indicates

that the Er ion is almost certainly substituting solely into the Ce site86,87 under this growth

method.

6.4.3 Comparison of spin linewidth to bulk values and spin-spin broadening

The broadening of resonance peaks in EPR may result from a variety of factors, including

magnetic dipole-dipole interactions (e.g. Er-Er) and strain due to defects (e.g. threading

dislocations, vacancies, unintentional dopants). Focusing on the nuclear spin zero peak, we

find that the EPR linewidth increases linearly with Er3+ doping, as shown in Figure 6.4(b) for

a series of Er:CeO2/Si samples. A linear increase in linewidth with doping concentration may

be associated with broadening due to magnetic dipole-dipole interactions between spins, but

we find that broadening due solely to the concentration of Er3+ ions, Γd-d, calculated based

on the Er concentration and measured g-factor,61 would have the values Γd-d(2 ppm Er) =
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0.2 MHz and Γd-d(130 ppm Er) = 15.2 MHz. (The details of this calculation are discussed

in Appendix B.)

Both of these Γd-d values are significantly less than the observed linewidths from EPR

measurement of those doping levels, of 245(1) MHz and 1450(25) MHz respectively. The rea-

son for this discrepancy remains unclear, but suggests that there are other potential dopant-

driven broadening mechanisms at play, plus a population of grown-in defects unrelated to

the Er dopants. Fortunately, characterization of the optical transition will complement this

study and yield additional insights as to these mechanisms.

6.5 Characterization of the Er:CeO2 optical system

We continue our analysis of the Er:CeO2 system by looking at the optical characteristics of

the Er3+ 4I15/2 to 4I13/2 optical transition near wavelengths of λ = 1.5 µm.

6.5.1 Indexing of the crystal field levels

In the particular case of Er:CeO2, we expect five crystal field levels each in the 4I15/2 and

4I13/2, per Table 2.1. Per the table, the cubic symmetry of the CeO2 crystal field around

the Ce site should result in 4I15/2 and 4I13/2 each splitting into five levels, which we label

respectively as Z1 to Z5 and Y1 to Y5, in the order from the lowest to highest energy, as

shown in Figure 6.5(a). Z1 and Z2 are two-fold degenerate states with effective spin S = 1
2

– the manner of effective spin-1/2 system used to describe the EPR measurements – which

transform into irreducible representations Γ6 and Γ7. The higher three Z levels (Z3 to Z5) are

four-fold degenerate with effective spin S = 3
2 and transform into irreducible representation

Γ8.

The crystal field split levels of Er3+ are probed through temperature and power dependent

photoluminescence (PL) measurements with Er3+ ions excited by a 1473 nm laser, with

photon energy higher than the 4I13/2 →4 I15/2 transition. Our spectrometer resolution of
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Figure 6.5: Crystal field split energy levels of the 4I15/2 and 4I13/2 multiplets of Er3+ ions
in CeO2. (a) Schematic of the crystal field splitting of the 4I15/2 and 4I13/2 multiplets, with
5 levels each, labeled as Z1 to Z5 and Y1 to Y5. (b) Temperature dependent PL spectra of
Er3+ ion emission with Er3+ ion excited by a 1473 nm laser with excitation power of 1000
µW on the sample surface, 5 times the power needed to saturate Y1 − Zj level transition.

20 GHz† is sufficient to resolve crystal field split transitions that are typically split by the

hundreds of GHz to THz14. At 3.6 K, PL occurs primarily from Y1 to all the Z levels due to

the rapid non-radiative relaxation of electrons from higher Y levels to the Y1 level.88 Four

emission peaks are observed in Figure 6.5(b) – These are identified to be Y1 to Z1 − Z4

transitions as marked with black arrows. The lack of emission from the Z5 level may be

due to its small transition dipole moment. The higher Y levels are probed by altering the

Boltzmann distribution of the electrons in the ensemble – increasing the sample temperature

from 3.6 K to 150 K populates the higher Y levels once electrons are excited to 4I13/2,

as shown in Figure 6.5(b). Higher Y level transitions are thus identified based on their

temperature dependent behavior and identified energy separation. With continued increase

of temperature and as higher Y levels are populated, we clearly observe the Y1 to Y4 levels.

†. Alternatively, 0.16 nm or 84 µeV resolution.
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Er3+

Level
Crystal
Field
Level

Level Energy
(meV)

Transition
Wavelength
to Z1 (nm)

Transition
Wavelength
to Y1 (nm)

4I13/2 Y5 Not observed –
Y4 821.741 1508.8 –
Y3 813.171 1524.7 –
Y2 811.097 1528.6 –
Y1 809.931 1530.7 –

4I15/2 Z5 Not observed –
Z4 5.517 – 1541.3
Z3 3.188 – 1536.8
Z2 1.479 – 1533.6
Z1 0 – 1530.7

Table 6.2: Crystal field levels of Er:CeO2 identified by power and temperature-dependent
PL measurements.

The intensity of emission from these identified Y1 to Y4 levels matches the expected behavior

from a Boltzmann distribution of electrons at these temperatures.60 Table 6.2 summarizes

the energy structure of the Z1 to Z5 and Y1 to Y5.

The Y1 → Z1 transition is found to be at 1530.74 nm (195.84 THz). For the remainder of

this study, we focus on this transition as it allows for optical control of the effective S = 1/2

spin ground state, the Z1 level. From here on, all studies on optical and spin properties are

carried out at 3.6 K on the Z1 and Y1 levels, and – given the energy separation between the Z1

and Z2 implying only ≈ 0.8% electron population of the Z2 level due to Boltzmann statistics

– we may treat the optical system as an effective two-level system involving only Z1 level,

ignoring the population of electrons at higher Z levels. (That said, for spin measurements, the

population of the Z2 level becomes more significant in the study of spin relaxation dynamics

of the Z1 level, as will be discussed later.)
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Figure 6.6: The inhomogeneous linewidth Γinh of the Er:CeO2 Z1-Y1 transition as a function
of Er doping concentration. Γinh varies with nEr (black dots), where each point is the FWHM
extracted from a PLE scan of the Z1-Y1 peak (inset, blue dots) via a Lorentzian fit (inset,
magenta line). Fits with Γinh ∼ n

2/3
Er (red dashed line) and Γinh ∼ nEr (blue dotted line)

capture the general trend.

6.5.2 Analysis of trends against doping in optical characteristics

We then proceed to characterizing the optical interface presented by the Er:CeO2 system.

The Er3+ ground state 4I15/2 (referred to as Z) and first excited state 4I13/2 (referred to as

Y) each split into five levels due to the cubic symmetry of the host CeO2 structure,36 which

was confirmed by EPR.

For optical characterization, we focus on the Z1-Y1 transition due to its technological

relevance at low temperature, with the readily accessible spin interface in Z1 as discussed

in the EPR section and the absence of the non-radiative processes found in Y>1. We probe

the Z1-Y1 transition with higher spectral resolution using PLE as a function of Er doping

density, using the series of samples indicated in Table 6.1.

The inhomogeneous linewidth Γinh of the absorption line as shown in Figure 6.6 ranges
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from 11.1(4) GHz at 2 ppm Er and 9.5(2) GHz at 3 ppm Er to 41(7) GHz at 130 ppm Er.

This linewidth is influenced by the presence of electric fields caused by charged defects or

strain in the vicinity of the optically active Er3+ sites. Such defects can include (1) other

Er3+ ions since the aliovalent Er3+ on a Ce4+ site will result in a negatively charged point

defect Er′Ce (per Kröger-Vink notation89), (2) charge compensating defects such as positively

charged oxygen vacancies,86 and (3) “grown-in” imperfections during crystal growth. For a

defect density n, one expects Γinh ∝ n2/3 for dipoles interacting with nearby charge defects

and Γinh ∝ n for broadening due to strain, dipoles interacting with random electric field

gradients, or dipole-dipole interactions.90

Taking n ∼ nEr, where nEr is the concentration of Er′Ce defects, we fit the two described

cases to the Er-concentration dependent inhomogeneous linewidth. Both scenarios follow the

generic trend of the data, with the n2/3 dependence (Figure 6.6, dashed red line) yielding

a slightly better fit than the linear case (Figure 6.6, dotted blue line). While the overall

behavior is captured, we make no definite inference of the broadening defect’s nature at this

stage. In either case, we find ∼ 10 GHz of residual inhomogeneous broadening even at low Er

concentrations of 2-3 ppm, likely due to grown-in crystalline imperfections (see Appendix C

for an extended discussion).

Continuing our optical study, we find that increasing the Er3+ concentration leads to

a decrease of the optical excited state lifetime T1, as shown in Figure 6.7 (black dots),

from 3.5(1) ms at 2-3 ppm to ∼ 2.7 ms at 130 ppm. These results are consistent with the

presence of defects adding non-radiative or quenching pathways according to the Inokuti-

Hirayama theory,91 though the exact nature of these defects cannot be inferred at this time.

(Additional details on this analysis are presented in Appendix C.) Concordantly, the longer

millisecond-scale lifetimes of the Er optical transition (compared to other defect qubits such

as vanadium in silicon carbide92 or NV centers in diamond93) are a consequence of the

forbidden 4I15/2 −4 I13/2 transition.14 However, our longest lifetimes at low doping are

69



Figure 6.7: The optical excited state lifetime T1 of the Er:CeO2 Z1-Y1 transition as a function
of Er doping concentration. The lifetime T1 of the Z1-Y1 transition varies with the erbium
concentration nEr (black dots), where each point is the time constant taken from an optical
decay signal (inset, blue dots) by an exponential fit (inset, magenta line). The dependence
of T1 on Er doping is fitted to the Inokuti-Hirayama model (red dashed line).

lower by a factor of ∼ 3 compared to the longest Er lifetimes reported in literature for

doping in bulk host crystals grown from the melt under near-equilibrium conditions, such as

in yttrium orthosilicate.94,69 This is likely due to the higher defect densities and presence of

proximal interfaces in our thin film materials grown under non-equilibrium conditions.

Finally, Figure 6.8 shows the dependence of the spectral diffusion-limited homogeneous

linewidth ΓSD as measured by transient spectral hole burning (TSHB), and henceforth re-

ferred to as the spectral diffusion linewidth ΓSD, as a function of Er doping (black dots).

The spectral diffusion linewidth scales linearly with Er concentration, from 4.8(3) MHz at 2

ppm to 1465(66) MHz at 130 ppm. (Details on the linear fit may be found in Appendix C.)

This is consistent with instantaneous spectral diffusion from dipole-dipole interactions with

nearby excited Er ions, which causes linear broadening in response to an increase in excited
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Figure 6.8: Spectral diffusion linewidth ΓSD of the Z1-Y1 transition varies with the Er doping
concentration nEr (black dots), where each point is the half-width half-max extracted from
a TSHB measurement (inset, blue dots) via a Lorentzian fit (inset, magenta curve). A linear
fit (red line) follows the doping dependence trend.

ion density.95 We emphasize this strong relationship between the doping density and spec-

tral diffusion linewidth, with the data potentially suggesting lower linewidths at sub-ppm

Er concentrations, particularly since at our examined lowest doping levels of 2-3 ppm we

see spectral diffusion linewidths of ∼5 MHz for a millisecond-timescale TSHB measurement

conducted at 3.5 K.

6.5.3 Measuring trivalent erbium optical coherence

As described in Section 5.1.4, photon echo provides a more sensitive method (compared to

transient spectral holeburning) for finding the homogeneous linewidth Γhom of the optical

transition, measured via the coherence time related by Γhom = 1/πT2.96 Having measured

the inhomogeneous profile of the Z1 - Y1 transition and finding the transition wavelength

to be centered on 1530.74 nm, we may bring our laser on-resonant with the transition and
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Figure 6.9: Optical coherence measurement of the Er:CeO2 Y1-Z1 transition, showing two-
pulse photon echo decay for the transition with the pulse sequence shown in the inset. Data
is shown as open circles. The solid line is the fit to the data, indicating optical coherence of
T2 = 720.0±33.1 ns, or a homogeneous linewidth of Γhom = 442.1±20.3 kHz. The observed
beating pattern is of the period Tosc = 300.2± 11.8 ns (fosc = 3.33± 0.23 MHz).

perform photon echo on the Z1-Y1 transition to obtain its homogeneous linewidth.

Figure 6.9 shows the measured integrated echo intensity as a function of τ at 3.6 K using

the pulse sequence schematically shown in the inset. The data show a single exponential

decay envelope of the photon echo amplitude modulated by an oscillating beat pattern.

The beating pattern indicates that we are coherently addressing of a superposition of two

transitions in a three-level system where the energy separation of two of the levels is within

the bandwidth of the optical pulse. The red line is a fit to the data considering a single

exponential decay with an added frequency of oscillation f = 1/Tosc. The fit yields an optical

coherence T2 = 720.0±33.1 ns, or rather a homogeneous linewidth Γhom = 442.1±20.3 kHz;

the beating period is Tosc = 300.2± 11.8 ns (or rather, has a frequency of fosc = 3.33± 0.23

MHz). The observed beating frequency is indeed within the bandwidth of the optical pulse,

and is also found to be consistent with the Zeeman splitting of the Z1 level due to Earth’s

magnetic field at around 0.35 G. This suggests that the beating could be due to the Earth’s
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Figure 6.10: Optical coherence measurement of the Er:CeO2 Y1-Z1 transition as a function
of temperature, with (a) showing Γhom as measured by two-pulse photon echo (with data
shown as open circles). The solid line is the fit to the data using Equation 6.2. (b) The
extracted beating frequencies fosc (open circles) from two-pulse photon echo measurement
as a function of temperature, with no consistent variation with temperature.

magnetic field very slightly lifting the degeneracy of the Z1 level.

The observed homogeneous linewidth of Γhom = 442.1 ± 20.3 kHz at 3.6 K is orders

of magnitude higher than the lifetime-limited Γhom ∼ 94 Hz that ought to result from the

the ∼3.4 ms radiative lifetime of the Y1-Z1 transition. To probe dephasing processes that

might be contributing to this broadening, we perform temperature-dependent measurements

of Γhom via photon echo using two pulse PE to gain insights into the dephasing mechanisms

occurring in the material, with temperatures ranging from 3.6 K to 5.5 K. Figure 6.10(a)

shows the extracted Γhom as a function of temperature. The beat frequency extracted

from all temperatures is shown in Figure 6.10(b) – the beat frequency is independent of

temperature, which is consistent with its origin being from the Zeeman splitting of the Z1

level induced by the earth’s magnetic field.

At these measured temperatures, two phonon processes contribute to dephasing: (a)

coupling to two-level systems (TLS)97,98,99 (b) Orbach process phonon effects.100,101 A ho-

mogeneous linewidth Γhom(T ) of the following form is then developed, invoking the linewidth

at zero temperature Γ0, the TLS coupling coefficient αTLS, the phonon coupling coefficient
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αphonon, and the Boltzmann constant kB :

Γhom(T ) = Γ0 + αTLST + αphonon exp{−∆E/kBT} (6.2)

In the examined temperature range, the increase in Γhom is dominated by Orbach relax-

ation. The solid line is the fit to the data using Equation 6.2, finding ∆E = 2.05 meV. The

extracted ∆E is consistent with the energy separation between the Z1 to Z2 level obtained

from PL measurements. Of the total linewidth broadening, ∼ 150 kHz is due an Orbach

process at 3.6 K with the remaining 300 kHz of broadening coming from the combined con-

tribution of Γ0 and direct phonon coupling, αphonon · T . The αphonon constant is typically

in the range of a few to tens of kHz/K102,103,100 for rare-earth ions in oxides. One can thus

deduce that Γ0 is most likely ≤ 200 kHz. This suggests that the dominant dephasing process

might be from spectral diffusion due to ion-ion dipolar interactions given the short ensemble

average Er-Er separation in the sample (∼14 nm, estimated from the Er concentration) or

a fluctuating field induced by background charge, defects, or strain in the film.

It is worth noting that the sample studied here is grown without any optimization. One

could further improve the homogeneous linewidth by optimizing growth to reduce strain and

minimize defects. There is also the path of reducing the concentration of Er3+ to minimize

ion-ion dipolar interaction-induced spectral diffusion. Besides this, one could also improve

the homogeneous linewidth by applying moderate magnetic fields to reduce the coupling of

TLS to the dipole moment of Er3+.104,100 The field can also freeze Er spin flip processes,

reducing fluctuating magnetic field-induced spectral diffusion and thus extending optical

coherence.
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Figure 6.11: Electron spin coherence at 3.6 K probed by pulsed EPR with microwave drive
at 9.7 GHz. (a) Resulting EPR spectrum from two-pulse echo as the magnetic field B is
swept. Data (open circles) is taken using the Hahn echo sequence schematically shown in
panel (b) with a fixed delay time of τ = 100 ns. (b) Spin echo measurement using two-pulse
Hahn echo sequence schematically shown in the inset. Data (open circles) are taken as a
function of time delay τ between the 12ns π/2 pulse and 24ns π pulse. The solid black line
is a single exponential fit revealing the spin coherence time T2 = 0.249± 0.035 µs.

6.6 Characterization of Er:CeO2 spin system

Having evaluated the optical structure and coherence, we now continue our study of the

Er:CeO2 system by looking at the properties of the Zeeman-split spin levels within the Z1

level.

6.6.1 Measuring trivalent erbium electron spin coherence

In order to use Er3+ as a spin-photon interface for quantum memory applications, the Er3+

electron spin coherence is a vital figure of merit. Here we study the electron spin behavior

using an X-band (9.7 GHz) pulsed electron paramagnetic resonance (EPR) spectrometer to

study spin coherence and relaxation. Figure 6.11(a) shows the measured spin echo response as

a function of the static magnetic field applied during measurement. The data is obtained with

the τ delay between the π/2 (12 ns) and π (24 ns) pulses set to 100 ns. The resulting spectrum
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Figure 6.12: Electron spin coherence at 3.6 K probed by pulsed EPR with microwave drive
at 9.7 GHz. (a) Generalized Hahn echo measurements on Er3+ electron spins taken with
three different flip angles θ of the second rotation pulse. Solid lines are the single exponential
fits to the data. (b) Plot of the inverse of spin coherence time T2, extracted from the fits
to the data in panel (a) as a function of averaged inversion pulse fidelity < sin2(θ/2) >. A
linear fit to the data (solid line) yields the spin coherence at single isolated ion limits to be
T2 = 0.660 µs and a spin concentration of 5.66± 0.25 ppm in the sample.

shows the expected resonance from nuclear-spin-zero even isotopes 166Er3+ (primary peak)

along with the hyperfine resonances containing the 167Er3+ with nuclear spin I = 7
2 (smaller

secondary peaks). As in CW EPR, seven of the eight hyperfine peaks are clearly resolved,

and one of the hyperfine resonance is obscured by the primary resonance peak at B0 = 0.102

T. The measured spectrum is fit using the effective Hamiltonian shown in Equation 2.18,

accounting for the second-order perturbation effects from the large nuclear spin of 167Er3+.

The extracted g-factor is value is g = 6.828(5), consistent with the CW EPR spectrum shown

in Figure 6.4(a).

The Er3+ spin coherence time, T2, is then probed via Hahn echo measurement. The

magnetic field is tuned to B = 0.102 T, where resonance with the primary Er3+ peak is

identified per Figure 6.11(a) with the applied 9.7 GHz microwave frequency.† Figure 6.11(b)

†. Regarding the shrouded hyperfine resonance peak, we note that the echo signal is predominantly from
the 166Er electrons with only 3.6% of the signal from the 167Er electrons.
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shows the measured spin echo signal collected as a function of the delay (τ) between the π/2-

and the π-pulse at 3.6 K. By fitting the echo amplitude decay to as I(τ) ∝ exp{−2τ/T2}

(black curve in Figure 6.11 (b)), we obtains T2 = 0.249± 0.035 µs.

Spin coherence times are typically limited by the phonon-induced dephasing caused by

elevated temperatures, and by Er-Er spin dipolar interactions. Er-Er dipolar interactions

cause shifts in the spin resonance, and spectral diffusion occurs because of the random spin

orientation resulting from spin-lattice interactions or spin diffusion. The dipolar interaction

between spins magnifies itself in the spin echo decay through so-called instantaneous dif-

fusion105,106. The spin coherence can be written as 1/T2 = 1/T2,INST + 1/T2,bath where

T2,INST represents the contribution from instantaneous diffusion. To understand the domi-

nant dephasing mechanics, we carry out instantaneous diffusion measurements105 to probe

and decouple the Er-Er spin dipolar interactions. A generalized echo sequence (π/2− τ − θ)

is performed on Er spins where the angle of the second pulse θ – and hence the fidelity – of

the second inversion pulse is varied.105,106 The second pulse inhibits the decoupling of the

probed spins’ mutual dipolar interactions, resulting in decoherence through instantaneous

diffusion. The echo signal (SE) is thus proportional to the exponential of the averaged inver-

sion pulse fidelity ⟨sin2(θ/2)⟩ and is given by Salikhov et al.105 as follows, for an ensemble

of spins with density ρ, a g-factor of g, the Bohr magneton β:†

SE(τ) ∝ exp

{
8π2

9
√
3

g2β2

ℏ
ρ sin2(θ/2)τ

}
(6.3)

Thus, T2,INST is proportional to ⟨sin2(θ/2)⟩ and we obtain the following equation for T2:

1

T2
=

1

T2,INST
+

1

T2,bath
=

8π2

9
√
3

g2β2

ℏ
ρ sin2(θ/2) +

1

T2,bath
(6.4)

†. As a point of note, this equation includes in its exponential same form of the spin-spin dipolar interac-
tion term that arose when discussing EPR resonance broadening. See Appendix B for additional discussion
of this interaction.
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For the instantaneous diffusion measurements, the angle of the second rotation pulse

θ is varied by tuning the power of the microwave pulse,60 while keeping the pulse length

unchanged, such that the same ensemble of spins within the second pulse. Figure 6.12(a)

shows the measured echo intensity as a function of τ with three different rotation angles θ.

A reduction of rotation angle θ reduces spin flips induced by the microwave pulse, and hence

reduces instantaneous diffusion. Reducing instantaneous diffusion in this manner increases

Er spin T2 from 0.25 µs to 0.58 µs. The inverse of the extracted T2 obtained through

the single exponential fit is shown in Figure 6.12(b). Following Equation 6.4, the slope

of the linear fit to the data in Figure 6.12(b) yields the density of probed Er spins to be

(1.66± 0.08)× 1022 #/m3, or 0.68± 0.03 ppm in the context of the CeO2 host matrix.

We may use this technique to confirm the overall concentration of Er by taking into

account the fraction of the entire Er ensemble probed by the measurement. The linewidth

of the Er spin resonance for this sample is 244.9± 2.9 MHz per Figure 6.4, ∼8.3 times larger

than the bandwidth of the θ rotation pulse. This indicates that only 12% of the spins within

the inhomogeneous distribution are probed. Therefore, the estimated total concentration of

the Er spin is 5.66± 0.25 ppm, within a factor of 2 of the Er concentration estimated from

Er flux used during MBE growth.

The intercept of the linear fit additionally provides an estimate on the spin coherence at

the single isolated ion limit: T2 = T2,bath = 0.660 ± 0.004 µs in the single-ion limit. From

this, we can conclude the measured T2 in Figure 6.11(b) is largely limited by the Er-Er

spin dipolar interaction-induced instantaneous diffusion, and could thus be improved by a

reduction of Er concentration. With the generalized echo sequence reducing instantaneous

diffusion, the spin homogeneity Γh = 1/πT2 contributed by the bath is 484.8 ± 20.6 kHz.

This deduced spin coherence T2,bath at the single isolated ion limit is then probably limited

by the phonon-induced dephasing and spectral diffusion induced by interaction with other

defects in the film.
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6.6.2 Measuring trivalent erbium electron spin relaxation

The limit on spin coherence is set by the spin relaxation. We can probe the spin relaxation

mechanism in two ways to obtain an upper limit on the spin T2.

The spin relaxation time is probed in the context of pulsed EPR by first applying a

π-pulse to invert the population of spin states, and then reading out the relaxation via

a two-pulse Hahn echo sequence after a delay time τ . This pulse sequence is shown in

Figure 6.13(a), and by varying the delay time τ between the initial inversion pulse and the

Hahn echo sequence, the echo intensity resulting from the Hahn echo sequence will change.

The measured spin echo signal is shown as a function of τ at 3.6 K, and we identify two spin

relaxation processes: one with a short spin relaxation of T1 = 0.11 ± 0.01 ms, and another

with a long spin relaxation of T1 = 0.83± 0.04 ms. The two observed decay processes may

arise from the electron depopulation of the Z1 spin level to its nearby Z2 level, resulting in

a sampling of electron population between three active states – a situation to which EPR

is quite sensitive. At 3.6 K, there is thermal population of both Z1 and Z2 levels given

the small energy separation of 1.51 meV (357.5 GHz). The added Zeeman splitting further

aids in reducing the energy barrier between Z1 spin-up and Z2 spin-down levels. Possible

depopulation of Z1 spin-up level to the Z2 spin levels, mediated by phonon processes, can

thus be detected by pulsed EPR.

To further probe the origin of the observed double exponential decay dynamics, we carry

out optical measurements of the spin relaxation T1 of the Z1 level at 3.6 K. We apply a

100 mT magnetic field parallel to the ⟨11̄0⟩ crystal direction, with orientation chosen to

be the same as that used in the pulsed EPR measurements. A Zeeman splitting of 9.46

GHz between the spin-up and spin-down state of the Z1 level is induced, per the effective

g-factor from the CW EPR measurements. Given that the spin T1 is shorter than the optical

lifetime of the Y1-Z1 transition, the optical measurement of spin T1 cannot be done using

typical spectral hole-burning methods,107,108 where one fully polarizes the spins through

79



Figure 6.13: Electron spin relaxation dynamics at 3.6 K (a) Pulsed EPR Hahn echo mea-
surement with a three-pulse population inversion sequence shown in the inset. Data are
shown as open circles and the solid line is a double exponential fit revealing two spin re-
laxation paths with a short spin relaxation T1 = 0.11 ± 0.01 ms and a long spin relaxation
T1 = 0.83± 0.04 ms. (b) Optical measurement of Z1 level spin relaxation using two optical
pulses using ’pump and probe’ scheme. For this process, a 100 µs pulse is applied first,
followed with a second 100 µs pulse separated by the delay time. PL signal is collected
with a 4 ms collection window across 15,000 iterations of measurements. The measured PL
signal difference with and without the second probe optical pulse is shown as a function of
the delay between pulses (∆PL, open circles). Data are taken with laser resonant to the
spin-down Z1 to spin-up Y1 level transition (inset).

the cumulative optical excitation processes. Here we use a two pulse optical ’pump-probe’

scheme to probe the spin relaxation from spin-up to spin-down state. We first apply a short

100 µs optical pulse resonant to the transition between Z1 spin-down state and the Y1 spin-

up state (inset of Figure 6.13(b)) to drive the electrons occupying spin-down states to the

excited state, creating an initial state occupation where the population of the Z1 spin-up

state is higher than that of spin-down. A second pulse of 100 µs is applied after a delay

time τ to probe the recovery of the spin-down state occupation due to spin relaxation. A

reference measurement without the second excitation pulse is taken to sample the photon

emission during the collection window due to optical decay of the Y1 level to both spin states

after the first optical pulse – this is treated as background signal and subtracted.

The spin recovery from spin-up to spin-down through spin relaxation is evidenced by
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the increasing ∆PL with increasing delay time in Figure 6.13(b). The data shows a single

exponential decay (fitting, solid line) indicating a spin relaxation time for the Zeeman split

Z1 spin-up to spin-down state of T1 = 1.106±0.256 ms. The measured T1 value is consistent

with the long T1 resolved in the pulsed EPR shown in Figure 6.13(a). The single exponential

decay identified in the optical measurement of the Z1 spin relaxation also suggests that the

short 0.11 ms relaxation process observed in pulsed EPR measurement is likely coming from

the phonon mediated depopulation of electrons from Z1 spin-up level to Z2 level.

6.7 Effect of annealing on Er:CeO2 optical parameters

Though we largely are careful not to assume the nature of the defects (other than Er)

leading to broadening and decoherence processes over the course of our Er:CeO2 study, we

have speculated that these defects may be partially mitigated by post-growth annealing. For

example, oxygen vacancy-related defects can result from non-equilibrium growth processes

such as in MBE, and may be removed by annealing.

To study the effect of annealing, we anneal a 200 nm thick, 3 ppm Er:CeO2 film on Si

for 12 hours in 1 atmosphere of 20% O2/Ar at different temperatures from 300 ℃ to 1000 ℃

using an MTI OTF-1200X tube furnace. The film roughened substantially at 1000 ℃, so we

constrain our discussion to a maximum annealing temperature of 900 ℃ where the physical

integrity of the samples remains intact. Figure 6.14 shows the dependencies of the measured

inhomogeneous linewidth, excited state lifetime, and spectral diffusion linewidth of the Z1-Y1

transition as a function of the annealing temperature between 300 ℃ and 900 ℃. Annealing

in this range leads to improvements in Γinh and T1 of 20% and 40% respectively from their

as-grown values. We ascribe these improvements to the annealing out of “grown-in" crystal

defects in the thin films. However, the spectral diffusion linewidth worsens at moderate

temperatures and returns to the as-grown linewidth at the maximum temperature studied,

and the process driving this behavior is unclear.
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Figure 6.14: Annealing study of a 3 ppm Er, 200 nm thick CeO2 thin film on Si via 12-hour
anneals in O2/Ar at 1 atmosphere as a function of annealing temperature T . Optical mea-
surements are performed at 3.5 K for all samples. Black squares indicate annealed samples,
blue dots indicate the un-annealed as-grown sample as the built-in reference. Kinetic model
extensions to the inhomogeneous linewidth and optical lifetime models (red dashed curves)
are described in the text. (a) Inhomogeneous linewidths before and after annealing. (b)
Optical lifetime of the Z1-Y1 transition before and after annealing. (c) Spectral diffusion
linewidth of the Z1-Y1 transition before and after annealing.

The trends in inhomogeneous linewidth Γinh and the excited state lifetime (T1) as a

function of annealing temperature (T ) can be captured by assuming (i) a first-order reaction

rate-limited process of thermally activated annihilation of the grown-in defects that affect the

optical properties, and (ii) the suitability of the previously described power law relation and

the Inokuti-Hirayama approach respectively for the defect concentration dependence upon

Γinh and T1. Details extending these models for annealing are given in the Appendix C.

We find that an Arrhenius-like activation energy EA in the range of 0.65 − 0.75 eV for the

temperature-dependent first-order reaction rate constant leads to good fits for both Γinh

(Figure 6.14(a), red dashed line) and T1 (Figure 6.14(b), red dashed line). This points to

a density of grown-in, optically relevant defects that are being annihilated via thermally

activated processes.

The question then is the nature of the defect being manipulated during annealing and
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thus leading to the improvement of the inhomogeneous linewidth and excited state lifetime.

Positively charged oxygen vacancies (VO ) are a well-known defect in CeO2, whose concentra-

tion can be increased by substituting aliovalent dopants (such as Er3+) into Ce4+ sites109,110

(Er′Ce). Charge neutrality in the film is maintained by 2[Er′Ce] = [VO ], where brackets in-

dicate concentration. The oxygen vacancies may affect the Er luminescence via strain or

electric field interactions, whose strength would depend upon the distance between the Er

and vacancy positions. Since we do not expect the Er concentration to change as a function

of annealing temperature up to 900 ℃, we would not expect the net VO concentration to

change for reasons of film charge neutrality. It is however possible that annealing can lead

to diffusion-induced redistribution of oxygen vacancies, leading to their clustering (to form

complexes) or gettering by grain boundaries, altering the Er-VO interactions. This may lead

to improvements in the optical properties as observed.

6.8 Conclusions and remarks regarding the status Er:CeO2 system

The Er:CeO2/Si system presents an attractive combination of benefits, as it is an ideal host

oxide for a spin defect with its very low nuclear noise environment, and has low lattice

mismatch for epitaxial growth on silicon. In these studies, we have carried out a detailed

microstructural and optical study of MBE-grown epitaxial Er:CeO2/Si in the 2-130 ppm Er

doping range, yielding results relevant for development in quantum coherent device applica-

tions. We establish a baseline for this material in the context of key metrics for rare-earth

doped oxide systems: as-grown films at 2-3 ppm Er doping show EPR linewidths as narrow

as 245(1) MHz, optical inhomogeneous linewidths down to 9.5(2) GHz, an optical excited

state lifetime as long as 3.5(1) ms, and a spectral diffusion-limited homogeneous linewidth

as narrow as 4.8(3) MHz. Post-growth annealing up to 900 ℃ yields improvement of the

optical inhomogeneous linewidth and excited state lifetime by 20% and 40% respectively.

In studying the doping dependence of the spin and optical parameters as a function of
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Er doping, we show that the functional dependence is consistent with a charge dipole-based

interaction model. We find that the linewidths for our thin films are broader than the

corresponding linewidths in high-quality Er-doped bulk samples, likely due to the thin film

nature – and therefore proximity to interfaces – and non-equilibrium growth process of our

material system, the latter leading to a larger number of grown-in defects. That said, the ∼ 5

MHz spectral diffusion linewidth in the as-grown films is sufficiently narrow to indicate the

potential for long optical coherence in the hundreds of nanoseconds, enabling the exploration

of measurement techniques such as photon echo60 to directly probe the optical coherence of

Er3+ in CeO2.

We are then indeed able to probe that long optical coherence via photon echo, in our effort

to highlight this material system as a potential robust optical quantum memory platform,

finding. The observed homogeneous linewidth of 440 kHz for the Y1-Z1 transition and

electron spin relaxation time on the order of a millisecond at liquid helium temperatures

indicate the feasibility of using collective electron spin relaxation as a local quantum memory

for quantum repeaters. The narrow homogeneous linewidth of 440 kHz also demonstrates the

potential for integrating Er3+ with nanophotonic cavities to achieve Purcell enhancement and

near Fourier transformation-limited single-photon emission. This would allow for coherently

driven optical transitions at a desired rate to address individual ions111,112 and examine

the time-dependent spectral diffusion of individual Er3+ ions in the host,25 a critical step

towards entanglement distribution needed for quantum repeaters. The significant reduction

in the concentration of nuclear magnetic moments in CeO2 compared to that of other hosts,

such as Y2SiO5 and YAG, could open a path towards not only long-lived coherent Er3+

electron spin states, but also long-lived nuclear spins in isotopically enriched 167Er to enable

long storage times on the scale of seconds, using both collective relaxation modes of nuclear

spin ensembles15 and individual nuclear spin states113,114.

Regarding the spin aspect of this system, the Er3+ spin ensemble coherence value reported
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is largely limited by the ion-ion dipolar interaction. As indicated by the instantaneous

diffusion measurements, in the single-ion limit the Er3+ spin coherence T2 is around 0.66 µs.

One could further improve spin coherence by lowering the temperature below the explored

3.6 K in this work to milliKelvin temperatures. One can also further improve coherence by

using higher magnetic fields to freeze spin-flip induced dephasing.

Additionally, the MBE growth of Er-doped oxides also enables the control of Er doping

levels and optimization of material quality in minimizing defects and dislocations in the

film to reach high quality single crystal CeO2, thereby reducing spectral diffusion and im-

proving on both optical and spin properties. It can also enable growth of CeO2 thin films

with controlled delta doping of Er to create structures compatible with nanophotonic cavity

integration, either within the oxide or within hybrid structures integrated with other dielec-

tric materials. The sample studied here is grown without growth optimization, yet already

demonstrates appreciable spin relaxation and narrow optical homogeneous linewidths (440

kHz). Continued growth optimization employing slower growth rates – perhaps with lower

oxygen pressure67 to suppress formation of dislocations and further reduce unintended defect

concentrations in the film – has the potential to generate samples reaching narrower homo-

geneous linewidths along with longer spin coherence and relaxation. Thus, Er3+ in CeO2,

an oxide host with a very low nuclear spin environment, could emerge as a versatile platform

for highly coherent light–matter quantum interfaces for developing quantum communication

applications.
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CHAPTER 7

EXTENDING ER:CEO2 TO SI(001) FOR IMPROVED DEVICE

FABRICATION CAPABILITIES

7.1 Motivation for Er:CeO2 on Si(001)

The work on Er:CeO2 in Chapter 6 has shown the potential for the system as a quantum

communication platform. As a next step, we are interested in transferring this thin film

system from being grown on Si(111) to being grown on Si(001).

Silicon-on-insulator (SOI) is a required component of nanophotonics engineering and

device integration, as the buried oxide layer and Er-doped oxide thin film act as cladding

for the nanophotonic cavity built into the silicon layer.21,22 However, SOI is typically only

available in the Si(001) orientation, and so we are interested in adapting our CeO2(111) on

Si(111) system accordingly.

In pursuing the growth of Er:CeO2 on Si(001), there are two questions we ask: First, are

we able to grow CeO2 epitaxially on Si(001)? Second, failing epitaxial growth, is non-single

crystal sufficient for our applications? Literature on CeO2 on Si(001) indicates that this is

a difficult prospect, typically resulting in multi-domain growth in other orientations115,116

unless strict conditions are met, such as room-temperature growth117 or the insertion of

complex buffer layers.116 That said, Er optical properties in TiO2 have been shown in other

systems to behave similarly in single- and poly-crystalline environments.20 Given this con-

text, it is worth investigating both of these questions.

7.2 Examining optical characteristics of Er:CeO2 on Si(001)

For examining the effects of growing Er:CeO2 on Si(001), we grew a selection of Er:CeO2 thin

film samples with 10 ppm Er doping on Si(001), Si(111), and STO(001) – with the growths
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Substrate Growth Info RHEED Pattern Γinh (GHz) T1 (ms) ΓSD (MHz)
Si(001) Room-temp Poly rings No signal – –
Si(111) Standard Single streaks 16.8± 1.1 3.6± 0.1 328± 13
Si(001) Standard Multi streaks 28.9± 3.5 3.8± 0.1 450± 8
Si(001) 2-stage Multi streaks 27.6± 3.5 3.7± 0.1 438± 8
STO(001) Standard Single streaks 28.2± 0.3 5.3± 0.2 397± 7

Table 7.1: Details on samples used in the Er:CeO2/Si(001) studies. The choice of sub-
strate and information on the growth conditions yield varied RHEED patterns, Z1-Y1 in-
homogeneous linewidths Γinh, Z1-Y1 excited state lifetimes T1, and Z1-Y1 spectral diffusion
linewidths ΓSD.

on Si(111) and STO(001) expected to act as two epitaxial references: since Si(111) is lattice

matched and known to grow epitaxially, and STO is lattice matched with CeO2 with a 45

degree in-plane rotation.118 Samples grown on Si(001) were 70 nm thick; samples on Si(111)

and STO(001) were 50 nm thick. We then performed optical characterization on Er:CeO2

Z1-Y1 transition, as identified in Chapter 6. We obtained the inhomogeneous linewidth Γinh,

spectral diffusion linewidth ΓSD, and the excited state lifetime T1 for this transition.

To produce these samples, we follow the MBE growth procedures laid out in Chapter 3 to

grow Er:CeO2 thin films on Si(111). For this growth campaign, Er and Ce were evaporated

using resistively heated effusion cells (Riber HT-12 and Veeco HT 24cc, respectively), and

ultra-high purity molecular oxygen (O2) was provided via an MKS mass flow controller.

Beam equivalent fluxes of the Ce and O2 were determined using a beam flux monitor to set

a ratio of O2 to Ce of ∼ 1 during growth, with growth rates of 50-70 nm/hr.

Information on the samples and their resulting optical properties is shown in Table 7.1.

We note in the table the growth recipe variation used for each growth. The "standard"

growth is the same as the one used for Er:CeO2(111) in Chapter 6. "Room-temp" indicates

growth performed with the substrate heater turned off and the substrate heater thermocouple

reading less than 100 ℃, to match the conditions of Ami et al.117 "2-stage" indicates a

growth started at lower temperature (∼ 500 ℃) and gradually increased to the "standard"

temperature (∼ 700 ℃) over the course of the first few minutes of growth.
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(a) Polycrystalline RHEED pattern of
Er:CeO2 grown at room temp on
Si(001).

(b) Streaky RHEED pattern of
Er:CeO2(001) grown epitaxially on
STO(001).

Figure 7.1: RHEED patterns for Er:CeO2 grown on (001)-oriented substrates. Polycrys-
talline rings can be seen in (a) after room-temperature growth of CeO2 on Si(001). The
image is taken along the Si⟨100⟩ azimuth. Epitaxial streaks can be seen in (b) after growth
of CeO2 on STO(001). STO⟨110⟩ azimuth. The faint polycrystalline rings overlaying the
streaks are from the molybdenum sample holder upon which the STO substrate is rested.

During growth, we observed in situ via RHEED that the samples on Si(111) and STO(001)

grew epitaxially, with streaky patterns indicating single-crystal growth; we observed that the

room temperature growth yielded polycrystalline ring patterns. The RHEED patterns for

these CeO2 films on (001)-oriented substrates are shown in Figure 7.1. The RHEED pattern

for the CeO2 thin film on Si(111) was the same as shown in Figure 6.1. The growths on

Si(001) at standard growth temperature yielded a complex streaky RHEED pattern. We

discuss these RHEED results in combination with investigation via SEM in the next section.

We begin analysis by noting that the sample grown at room temperature did not yield

Er3+ photoluminescence signal when probed with PLE – we speculate this is due to the

doped-in Er3+ not obtaining the appropriate oxidation state within the CeO2 lattice. We

additionally note that the two samples grown on Si(001) are very nearly optically equiva-

lent, with measured inhomogeneous linewidths, excited state lifetimes, and spectral diffusion

linewidths within experimental error of each other despite the modification of growth con-

ditions for the 2-stage growth. The two samples also had nearly identical RHEED patterns,
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(a) RHEED pattern of Er:CeO2/Si(001)
along the Si⟨100⟩ azimuth.

(b) RHEED pattern of Er:CeO2/Si(001)
along the Si⟨110⟩ azimuth.

Figure 7.2: RHEED pattern of Er:CeO2 grown on Si(001) at ∼ 700 ℃ along two different Si
azimuths, using a 15 kV electron beam. A multi-domain pattern is observed, with two sets
of overlapping streaks observed in panel (a). The angle between the streaks of the chevrons
in (b) is between 73 and 75 degrees.

and so we conclude that the slight modification of growth conditions did not impact the

growth dynamics of CeO2 on Si(001).

Given these notes, we constrain our discussion of optical results to the "standard" growth

recipe for the samples grown on Si(001), STO(001), and Si(111).

Performing optical characterization via PLE and TSHB, we identify that the Er:CeO2

films grown on (001)-oriented substrates result in ∼ 70% broader inhomogeneous linewidths

than when grown on a (111)-oriented substrate. The excited state lifetimes for Er:CeO2 on Si

substrates are within experimental error of each other, but both have ∼ 30% shorter excited

state lifetimes compared to the sample grown on STO. Finally, we find that the spectral

diffusion linewidths varies with each sample: 328 ± 13 MHz for Er:CeO2/Si(111), 397 ± 7

MHz for Er:CeO2/STO(001), and 450± 8 MHz for Er:CeO2/Si(001).

7.3 Examination of Er:CeO2 on Si(001) microstructure

While the RHEED patterns of CeO2 growth at low temperature and on a lattice-matched

oxide substrate are fairly straightforward, the RHEED patterns for CeO2 on Si(001) grown
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at standard temperature, shown in Figure 7.2, are more complex. We identify two domains

of crystalline material based on the two overlaid streak patterns along the Si⟨100⟩ azimuth in

panel (a), though in panel (b) both patterns overlap perfectly along the ⟨110⟩ azimuth and

additionally reveal chevron patterns that may indicate faceting or similar surface features.

We expect, at these temperatures and flux ratios, that CeO2 will successfully form.

However, we know from the literature that the CeO2 lattice may form non-epitaxially with

respect to the Si(001) surface. When viewing the RHEED during growth, we identified via

rotation that the patterns had four-fold symmetry with respect to the azimuthal angle –

indicating that the four-fold symmetry of the Si(001) surface carried through into the film.

Post growth, we also analyze the streak spacing for the multi-domain RHEED images, in an

attempt to identify an orientation relationship. Measuring the images, we find that pairs of

streaks with the same angle in Figure 7.2(a) are separated by 121±3 pixels, while streaks in

Figure 7.2(b) are separated from the center streak by either 85± 1 pixels or 170± 1 pixels.

Knowing the electron de Broglie wavelength of 0.099 Å, and the substrate-to-screen distance

of 3292 pixels, we can compute the plane spacing for each of these using Equation 3.1. We

find that the streaks in panel (a) correspond to a plane spacing of da = 2.69 ± 0.07 Å

and the streaks in panel (b) correspond to a plane spacing of db,1 = 3.83 ± 0.05 Å and

db,2 = 1.91± 0.01 Å.

We find that these plane spacings may either match CeO2(001) or CeO2(011) growth. The

observed plane spacing of da = 2.69±0.07 Å strictly matches the spacing between CeO2{100}

planes (2.73 Å along the CeO2⟨100⟩ azimuth). However, the observed spacing of db,1 = 3.83±

0.05 Å may match either the spacing between CeO2{110} planes (3.86 Å along the CeO2⟨110⟩

azimuth) or the spacing between CeO2{7,7̄,10} planes (3.88 Å spacing when viewed at a 45

degree rotation from the CeO2⟨110⟩ azimuth, as though rotating from the Si⟨100⟩ azimuth

to the Si⟨110⟩ azimuth per our growth conditions). We might expect to instead view the

CeO2{111} planes, but those are 10 degrees removed from the Si⟨110⟩ azimuth in this context,
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Figure 7.3: SEM image of the surface of a CeO2 thin film grown on Si(001). We observe a
distinctive cross-hatching pattern formed by two domains of CeO2 crystallites, with the two
domains aligned with the Si⟨100⟩ and Si⟨010⟩ directions.

and the four-fold symmetry in the RHEED during rotation may strictly be described by the

C4 2D point group, with 90 degree rotations between occurrence of the reconstruction seen in

Figure 7.2(a) and strict 45 degree rotations between the reconstructions in Figure 7.2(a) and

Figure 7.2(b).† Nonetheless, the spacing between CeO2{7,7̄,10} planes of 3.88 Å is consistent

with the RHEED streak spacing observed along the Si⟨110⟩ azimuth during growth. We

are thus left with two possibilities, either CeO2(001)/Si(001) growth or CeO2(011)/Si(001)

growth.

In the interest of resolving which of the two orientations resulted in our growth, we per-

form inspection of the CeO2/Si(001) surface by SEM in Figure 7.3 to look for any identifying

†. Additionally, there are indeed coherent sets of Ce atoms describing this plane, with three Ce atoms in
each of these planes per unit cell. The choice of plane, though odd, is at least not aphysical in generating
the observed RHEED pattern.
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Figure 7.4: Wide ω-2θ X-ray diffraction scan of the CeO2 thin film grown on Si(001) under
standard growth conditions. We clearly observe CeO2(220) and CeO2(440) peaks, along
with the expected Si(400) substrate peak. The forbidden Si(200) peak is weakly observed.
No unlabelled peaks were identified to be related to CeO2 or Si, and instead are likely be
artifacts from the experimental apparatus.

surface features, particularly given the ∼ 74° chevrons indicating faceting in Figure 7.2(b).

We find a distinctive cross-hatching pattern formed by two domains of crystallites, with

the two domains aligned with the Si⟨100⟩ and Si⟨010⟩ directions. Surveying the literature,

this was observed by Inoue et al. (1993) under similar growth conditions, and is a strong

indicator of epitaxial CeO2(110) growth.119

We perform XRD on the CeO2/Si(001) sample in Figure 7.4 and find that we have peaks

corresponding to CeO2(220) and CeO2(440). This confirms we are growing CeO2(110), in

line with expectations in the literature.119

7.4 Remarks and next steps for Er:CeO2 on Si(001) exploration

Our interest in exploring the possibility of Er:CeO2(001) grown on Si(001) for purposes such

as nanophotonics integration has thus yielded useful results. We have identified that, while
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CeO2 may be growing in the (110) orientation on Si(100), it still has viable optical properties

for continued exploration.

We identified that, regardless of growth on Si(001) or STO(001), the inhomogeneous

linewidth and spectral diffusion linewidth are both broader than on Si(111). This could

indicate that while the growth window used for CeO2(111) growth is viable for exploring

epitaxy in the (001) orientation, it is by no means optimized for it. Thus we have a need

for additional exploration of the CeO2(001) growth window, to minimize broadening and

decohering defects in preparation for when a method of CeO2(001) on Si(001) is identified.

We do note, however, that the multiple domains of CeO2 upon on the Si(001) substrate

do not appear to cause additional inhomogeneous broadening in contrast to the CeO2(001)

on STO(001) case, matching the result of comparing single crystal versus polycrystalline

Er-doped TiO2 grown via MBE.20

We also remark upon the similar degrees of quenching in the Er excited state lifetime T1

between the growths on Si(001) and Si(111), as compared to the longer T1 value obtained

on STO(001). We speculate that this could indicate defects such as oxygen vacancies caused

by the gettering of oxygen out of the CeO2 and into the silicon substrate, in concordance

with how oxygen annealing yielded longer lifetimes in Er:CeO2(111) in Chapter 6, perhaps

via removal of those same oxygen vacancies.

Next steps for this project will be the exploration of optimal growth parameters for

CeO2(001) growth – starting on STO(001) – and the investigation of other routes to CeO2(001)

on Si(001). We will likely start growth parameter exploration in the vicinity of the current

growth window, perhaps investigating higher growth temperatures or altered substrate sur-

face preparation techniques, to bypass the formation of common defects encountered in MBE.

Regarding growth on Si(001), we may need to investigate the use of buffer layers such as STO

on Si(001), which have canonically been used to obtain epitaxial oxides on silicon where the

oxide may not template properly on the silicon surface. Via both of these explorations, we
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hope to identify a route towards improving optical properties of CeO2 on Si(001) to match

or surprass those found on Si(111), with an eye towards future nanophotonics integration on

(001)-oriented SOI.
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CHAPTER 8

LEVERAGING ER ENERGY STRUCTURE FOR

COMPUTATIONAL EXPLORATION

8.1 Identify hosts that yield brighter Er defects

While Er3+ ions are an ideal defect for quantum memory due to their 1.5 µm optical tran-

sition and long-coherence-time spin state, they suffer from one particular drawback: the

erbium spontaneous emission rate.

Erbium is, in common parlance, a remarkably dim ion. Its radiative relaxation lifetimes

T1 from the Y levels to the Z levels generally occur on a timescale of milliseconds, across

a wide variety of possible crystal hosts.18 The result of this is that, for a quantum memory

using a single ensemble of Er ions, the repetition rate of optical operations (e.g., extracting

the spin state using optical readout) is limited to less than 1 kHz – orders of magnitude

less than the desired 100 kHz to 100 GHz bandwidth targeted for quantum communication

applications.1

In this chapter, therefore, we discuss methods for speeding up the radiative relaxation

lifetimes of rare-earth ion defects, in this case focusing on Er3+. We identify a viable method

for doing this – careful selection of crystal hosts – and explore high-throughput computational

methods for surveying a large number of materials to identify optimal hosts for brighter Er.

We start with discussion of the methods for speeding up relaxation from the Y levels

to the Z levels in Er3+. There are three methods that immediately arise with a sense of

technological viability: The first method is the intentional introduction of proximal defects

near our Er defect. Additional defects may provide additional relaxation pathways, and so

the lifetime of the excited state is shortened. However, these additional relaxation pathways

may not be radiative at the desired wavelengths, which causes the system to incur additional

decoherence processes while decreasing overall efficiency – as such, we reject this method.
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The second method is the engineering of nanophotonic cavities around the Er defect to

modify the density of states and by consequence the radiative relaxation rate. This method

is well-studied, with Purcell enhancements (multiplicative radiative relaxation rate increases)

in the hundreds demonstrated for Er-doped oxide thin films on silicon,21,22 leading to cavity-

enhanced lifetimes on the order of 10 µs, or optical operation bandwidths closer to the order

of 100 kHz.

The third method for increasing the radiative relaxation rate – which may work in tandem

with nanophotonics engineering, leading to additional gains in bandwidth – is by careful

selection of the host into which Er is placed. As will be discussed, the radiative relaxation

rate is directly tied into the nature of the crystal field surrounding the ion, and we may exploit

this to identify crystal hosts for which the Er relaxation rate is faster. This calculation is

discussed in Section 8.2, the computational methods for performing this calculation at scale

is discussed in Section 8.3 and then the results of this calculation applied over a large set of

possible host materials obtained from the Materials Project120 is evaluated in Section 8.4.

8.2 Calculating trivalent erbium oscillator strengths

A common metric on brightness is oscillator strength, defined as the ratio between the

emission rate of our defect with the emission of a classical single-electron oscillator with the

same transition energy.121 The oscillator strength f is inversely proportional to the excited

state lifetime T1, as f ∼ 1/T1. For this project, we take the conversational descriptor that

brighter Er corresponds to larger oscillator strengths, and dimmer Er to smaller oscillator

strengths.

In this work, we are interested primarily in evaluating the electric dipole oscillator

strength fED. Though the electric dipole transition is parity forbidden between the 4I13/2

and 4I15/2 levels since both levels are of the 4f configuration, admixing of higher states

of the 5s and 5d configurations weakly allows the electric dipole transition. The admixing
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process, which is dependent on the crystal host in which the Er ion is embedded, generally

yields electric dipole oscillator strengths on the order of 10−6 for Er ions,14 corresponding

to excited state lifetimes in the millisecond regime.

The transition between 4I13/2 and 4I15/2 can also occur via the magnetic dipole transition

process. However, the magnetic dipole oscillator strength for Er3+ is typically on the scale of

10−7 for the 4I13/2 and 4I15/2 transition.122 It also does not change significantly depending

on the crystal host, because the magnetic dipole transition is not parity forbidden – the main

process by which it occurs is primarily dependent on the coupling between the total angular

momenta and ẑ-quantized total angular momenta in the excited and ground state, and only

weakly modified by the diagonalization of the crystal field levels in that basis.36,37 As such,

we focus our attention on the electric dipole process – both because it may contribute more

to the Er brightness, and because we can do more to directly modify its brightness.

Judd and Ofelt identified a second-order perturbation method to account for the parity

admixing of higher states,123,124 which may be used to evaluate the oscillator strength for

the Er electric dipole transition between the 4I13/2 and 4I15/2 levels.† The equation for

this is as follows, for the mass of the electron m, transition frequency ν, Planck constant h,

multiplicity of the ground state 2J + 1 per the total angular momentum J , polarization of

the transition ρ, final and initial states ⟨α| and
∣∣α′〉, and electric dipole operator D(1)

ρ :

fED = χ
8π2mν

3h(2J + 1)

+1∑
ρ=−1

∣∣∣⟨α|D(1)
ρ

∣∣α′〉∣∣∣2 (8.1)

This equation also includes a material-specific local field correction factor χ, which ac-

counts for the refractive index of the host.123 Computing this constant requires knowledge

of the refractive index, which is not a given for every material. As such, in this work we

will discuss the oscillator strength without including this correction factor. This remains

†. Note that we are not discussing Judd-Ofelt theory as it is usually identified, per se, via the parameters
Ωλ. Rather, we are discussing here the precursor to Judd-Ofelt theory, which does not invoke phenomeno-
logical parameters and instead requires detailed knowledge of the crystal field – as will be discussed.
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appropriate, as sometimes the correction factor is not included in the oscillator strength and

is instead included in the definition of the emission rate constant.88

The electric dipole matrix elements may be computed through the following set of equa-

tions:123

⟨B|D(1)
ρ

∣∣B′〉 =
∑

k,q, even λ

(2λ+ 1)(−1)q+ρA
(k)
q

×

1 λ k

ρ −q − ρ q

 ⟨A|U (λ)
q+ρ

∣∣A′〉Ξ(k, λ) (8.2)

Ξ(k, λ) = 2
∑
n′,l′

(2l + 1)(2l′ + 1)(−1)l+l′

×

1 λ k

l l′ l


 l 1 l′

0 0 0


l′ k l

0 0 0

 ⟨nl| r
∣∣n′l′〉 ⟨nl| rk ∣∣n′l′〉

∆(n′l′)

(8.3)

⟨A| =
∑
M

aM

〈
lNγSLJM

∣∣∣ ∣∣A′〉 = ∑
M ′

aM ′

∣∣∣lNγ′S′L′J ′M ′
〉

(8.4)

Equations 8.2 and 8.3 detail the evaluation of the electric dipole matrix element for a

single polarization ρ. The final and initial (ground and excited) states are ⟨B| and
∣∣B′〉,

where |B⟩ is the perturbed eigenvector produced from the admixing process upon the atomic

|A⟩ basis, which is described in Equation 8.4. k and q are the rank and component numbers,

respectively, used to describe the spherical harmonics; λ is a summation index used when

coupling to higher configuration states; n is the principal quantum number and l is the

angular quantum number for the electron being evaluated; S, L, and J are the quantum

numbers describing the rare-earth ion level, per Section 2.1.1. ∆(nl) is the energy splitting

to higher configuration states (see Judd 1962 for more details123), r is the radial electron

coordinate, and U
(q)
k is the unit tensor evaluated for k and q. The symbols in parentheses
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and curly braces are 3-j and 6-j symbols, respectively.125 Finally, the coefficients A(k)
q are

the crystal field coefficients determined in Section 2.1.2.

The evaluation of Ξ(k, λ) requires knowledge of the transition energy ∆(n′l′) and the

radial wavefunction integrals. Values for both of these are provided by Judd,123 but evalu-

ation of Ξ can be improved by examining the radial wavefunctions by more modern density

functional theory techniques.126,127,128,129 It is otherwise straightforward to calculate using

l and l′, the angular quantum numbers of the ground and excited state.

Computing the matrix element of the unit tensor operator U (k)
q+ρ requires finding the

requisite doubly reduced matrix element. First, we recall the definitions of the initial unper-

turbed states ⟨A| and final unperturbed states
∣∣A′〉, where we use the Russel-Saunders (LS)

coupling and include the S and L as quantum numbers to complement J and its projection

M (alternatively written as Jz). Thus we may evaluate the matrix element of the unit ten-

sor operator in our unperturbed basis, according to the reduced matrix element definitions

provided by Wybourne.36

⟨A|U (λ)
q+ρ

∣∣A′〉 =
∑
M,M ′

aMaM ′
〈
lNγSLJM

∣∣∣U (λ)
q+ρ

∣∣∣lNγ′S′L′J ′M ′
〉

(8.5)

〈
lNγSLJM

∣∣∣U (λ)
q+ρ

∣∣∣lNγ′S′L′J ′M ′
〉
= (−1)J−M+S+L+J ′+λ

√
(2J + 1)(2J ′ + 1)

×

 J λ J ′

−M q + ρ M ′


J J ′ λ

L′ L S


〈
lNγSL

∣∣∣ ∣∣∣U (λ)
∣∣∣ ∣∣∣lNγ′S′L′〉 (8.6)

The reduced matrix elements of the form ⟨γSL| |U (k)|
∣∣γ′S′L′〉 in the final equation may

then be looked up in Nielson & Koster.130

While the crystal field coefficents must be computed per-material, once those are provided

and once the reduced matrix elements, radial integrals, and energies are looked up, the
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evaluation of the matrix element per Equation 8.2 is straightforward: the summations only

require basic loops, and the 3-j and 6-j symbols may be evaluated via computer algebra

methods provided by readily available code modules.131

8.3 Computational methods for "bright" host evaluation

The evaluation of the oscillator strength of Er3+ in a particular crystal host takes place in

two stages: First, the crystal field coefficients are evaluated for the selected host. Second,

the coefficients are used to compute the oscillator strength per the previous section.

The crystal field coefficients are determined via the sum over the point charges in the

crystal per Equation 2.15. When evaluating the sum, we place the Er3+ ion in a distinct

cationic site in the proposed host crystal and treat that as the origin – with distinct sites

labelled by the cation being replaced, the site symmetry of the replaced cation, and the

coordination environment around the site. The latter two cases are necessary for materials

like Y2O3 (where the Y cation may sit in two different site symmetries) and Y2SiO5 (where

the Y cation may sit in two different coordination environments, but the same site symmetry).

We additionally evaluate the host crystal for up to the three most probable oxidation states

for the elemental constituents that lead to charge balance in the chemical formula for that

host, using the Composition tool provided by the Python Materials Genomics library.132

Once evaluated, the crystal field coefficients are submitted to Equation 8.2 for the three

different polarization values ρ ∈ {−1, 0, 1}, the outputs of which are used to evaluate fED

per Equation 8.1.

Before proceeding with evaluation however, we note that a computational optimization

may be obtained when judging many sets of crystal field coefficients. The summation over

k, q, and λ in Equation 8.2 may be split into two – a sum over k and q, and a sum over λ

for each value of k and q for an evaluation of polarization ρ.
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⟨B|D(1)
ρ

∣∣B′〉 = ∑
k,q

A
(k)
q λkq,ρ (8.7)

λkq,ρ =
∑

even λ

(2λ+ 1)(−1)q+ρ

1 λ k

ρ −q − ρ q

 ⟨A|U (λ)
q+ρ

∣∣A′〉Ξ(k, λ) (8.8)

By pre-computing λkq,ρ – which does not depend on the crystal host at all, and indeed

only depends on the identity of the rare-earth being evaluated – and then looking up those

values when evaluating the electric dipole matrix elements, we may reduce computation time

for evaluating a single material by up to 95% (per testing on a single core of an AMD Ryzen

7 PRO 7840U CPU: 0.2 seconds to evaluate without caching, 0.04 seconds with caching).

To survey a large number of materials, we searched the Materials Project database120

for all materials with a bandgap greater than 1 meV (corresponding to allowing optical

transitions down to 1240 nm in wavelength – to ensure that the standard Er3+ transition

wavelength of 1.5 µm is not impacted by a nearby conduction band). This results in ∼350,000

evaluated environments for Er3+ across ∼58,000 material structures. The oscillator strength

of Er3+ in each of these ∼350,000 environments was calculated using the Midway2 super-

computing cluster resources provided by the University of Chicago’s Research Computing

Center, and the results of these calculations is discussed in the following section.

8.4 Results of computational survey on Er hosts

The first question that arises upon computing the oscillator strengths from the ∼350,000

Er3+ environments extracted from the Materials Project database is the reliability of the

calculations. We are able to compare the calculated values with known values and we arrive

at some preliminary agreement, per Table 8.1. We identify that our results tend towards

overestimating oscillator strengths, but that the values obtained are of generally appropriate

101



Material Site Info fED,calc fED,lit
LiNbO3 Li site 2× 10−6 1× 10−6

LiYF4 Li site 2× 10−7 2× 10−7

Y2SiO5 O-6 Y site 2× 10−7 3× 10−7

Y2SiO5 PB-7 Y site 9× 10−8 2× 10−8

CaWO4 Ca site 2× 10−7 2× 10−8

Table 8.1: Initial comparison of calculated oscillator strength fED,calc with literature values
fED,lit. Literature values here are obtained from Thiel et al.18 Sites are identified by cation,
and coordination environment in the case of Y2SiO5.

scale and trend. Additional verification will be required as this project progresses, but we

take this as a good sign for interpreting trends and developing rules of thumb for selecting

hosts for brighter Er.

Looking at the aggregate list of values, we promptly notice oscillator strengths both

orders of magnitude higher and orders of magnitude lower than the standard 10−6 found

in the literature. To begin understanding what may cause the calculated Er brightness to

be identified as brighter, we plot the oscillator strengths against the atomic number of the

cation for which Er is substituted in Figure 8.1(a).

We observe that while the cation atomic number does not absolutely correlate with the

calculated oscillator strength fED when Er3+ is substituted for that element, there is an

envelope on the maximum oscillator strength, with larger oscillator strengths arising at

lower substituted cation atomic number. This indicates to us that there is a trend involved

with the distance between ions in the crystal – given that, for example, hydrogen (Z = 1) is

a very small ion compared to zirconium (Z = 40), and can result in very small inter-atomic

distances. However, we recognize the placement of Er3+ into a hydrogen site as aphysical

without significant rearrangement of the ions around the hydrogen site. Since we are not

currently equipped to perform the requisite molecular dynamics simulations for hundreds

of thousands of materials, we will instead apply filters on the substituted cation radius.

With our point of reference being Er3+ with a cationic radius of ∼97 picometers,133 for
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(a) Oscillator strengths plotted against atomic number, generated from the full list of
∼350,000 environments.

(b) Same set of oscillator strengths, now filtered to such that the minimum substituted
cation radius size is ∼ 40 picometers.

Figure 8.1: Scatter plot of calculated oscillator strengths fED plotted against the atomic
number of the substituted-for cation, with the full list of environments in (a) and with a
filtered list of environments in (b). Each placed dot is one entry in the list of ∼350,000
environments into which Er3+ may be placed.

now we set the minimum cation radius to 40 picometers, the approximate ionic radius of

titanium,133 given the successful integration of Er into titanium sites in TiO2.
20,21 We see

in Figure 8.1(b) that the oscillator strengths organized by substituted cation atomic number

after this filtering show that the envelope where fED increases with decreasing atomic number

has largely vanished.

We may investigate further regarding the trend identified regarding distance between ions

in the host crystal. In the process of generating the crystal field coefficients, we may obtain
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Figure 8.2: Scatter plot of calculated oscillator strengths fED plotted against the nearest-
neighbor distance, defined as the distance between the evaluation Er3+ ion and the nearest
ion to the Er in the host crystal. Each placed dot is one entry in the list of ∼350,000 environ-
ments, after cation size filtering, into which Er3+ may be placed. We identify a correlation
between decreasing nearest-neighbor distance and oscillator strength with a Pearson corre-
lation coefficient of r = −0.3.

the distance to the nearest neighbor of the Er ion, defined as the minimum value of Ri ∀ i

in Equation 2.13. Plotting the oscillator strength against nearest-neighbor distance in Fig-

ure 8.2, we identify a weak correlation where smaller nearest-neighbor distances correspond

to higher oscillator strengths (with a Pearson correlation coefficient of r = −0.3, a more sig-

nificant correlation than the correlation with cation atomic number which takes r = −0.02).

This is not a surprising result given the inverse relationship of the crystal field coefficients

A
(k)
q with Ri, but it is interesting to see that a wide range of oscillator strengths may still

be obtained for a given nearest-neighbor distance: the overall structure of the surrounding

crystal host still plays an intricate and significant role on Er3+ brightness.

Having made our ionic radius correction and identified some initial trends in our results,

there are a selection of materials that we identify as reasonable for attempting experimental

characterization – reasonable in this case meaning that the material is a ternary compound
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Material Materials Project ID Er Site Note fED,calc
NaTaN2 mp-5475 Either Ta or Na site 5.3× 10−5

MoS2 mp-1434 Mo site 5.2× 10−5

Be2C mp-1569 Be site 3.8× 10−5

AlN mp-1330 Al site 2.2× 10−5

CeO2 mp-20194 Ce site 6.9× 10−6

Y2O3 mp-2652 C2 Y site 1.1× 10−6

Rutile TiO2 mp-2657 Ti site 7.2× 10−7

Anatase TiO2 mp-390 Ti site 2.1× 10−7

Y2O3 mp-2652 C3i Y site 1.6× 10−7

Table 8.2: List of some possible hosts for Er3+ and their computed oscillator strengths
fED,calc. NaTaN2, MoS2, Be2C, and AlN are targets for follow-up experimental investigation.
CeO2, Y2O3, and TiO2 are all hosts already investigated by our group in thin film format.

or binary compound, that the material is safe to handle (e.g., not radioactive), and has

been tagged as experimentally identified in Materials Project. These materials, along with

materials previously studied in our group, are listed with their respective oscillator strengths

in Table 8.2. NaTaN2, MoS2, Be2C, and AlN are targets for follow-up experimental investi-

gation – by obtaining bulk samples, ion implanting with Er and subsequently annealing to

activate the Er ions (per the method utilized by Phenicie et al.134), we may experimentally

verify via PLE experiments whether, for example, MoS2 is indeed an order of magnitude

brighter than CeO2.

8.5 Remarks and next steps on exploration of Er hosts

We have calculated the oscillator strengths for a broad range of possible host materials for

Er3+ defects. Based on these calculations, a careful selection of host could lead to order of

magnitude greater Er emission rates – which, when combined with the nanophotonics engi-

neering referenced earlier, could push Er-based systems into the 1 GHz bandwidth regime:

a significant improvement towards usable quantum communication schemes.

There are, certainly, limitations in the current method. One such example was highlighted
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in the discussion of small cation sites – such an artifact must be recognized by careful analysis

of the database being developed. Additionally, this method is suitable primarily for ionic

materials. Covalent materials such as silicon that are not well described by an array of point

charges must be considered via more advanced methods such as density functional theory, to

properly account for the charge distribution around a rare-earth ion embedded in its matrix.

However, we demonstrated that we may start to identify trends across materials, such as

decreasing nearest-neighbor distance roughly correlating with increasing oscillator strength.

Despite these limitations, this project shows promise in identifying new hosts for en-

hancing the Er3+ quantum memory system, and continues the development of using high-

throughput computation to identify optimal host materials for qubit defects, in a similar

manner to works such as Kanai et al.31 As described in the previous section, the next step

for this project is to obtain Er-doped samples of promising hosts to experimentally confirm

their brightness, and thus verify our host selection process using this technique.
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CHAPTER 9

CONCLUSIONS AND FINAL REMARKS

Over the course of this thesis we have taken three major steps in the advancement of quantum

communication, taking a defect-first approach towards development of our chosen platform.

First, we have identified a viable quantum communication qubit platform in Er:CeO2(111)

grown on Si(111), with half-microsecond coherence times. Second, we have extended the

viability of Er:CeO2 by demonstrating experimental results that may lead to improved device

fabrication via growth on Si(001) substrates, and later silicon-on-insulator. Third, we have

used knowledge of our defect to enable computational survey techniques – inspired by the

technique that lead to the initial selection of CeO2 – to target follow-up materials that could

provide additional benefits, in this case faster optical transitions, in the development of

rare-earth based quantum communication technologies.

This thesis has demonstrated a holistic approach to exploring qubit systems for quantum

communication, beginning in Chapter 2 with a full exploration of the energy structure of

our qubit defect from the body of scientific literature, with the goal of identifying all manner

of structure inherent to the defect itself. Then, we applied a set of key approximations to

restrict the description of the defect to that which is usable for experimental evaluation.

Indeed, for Er3+, we remove the atomic nature, Coulombic electron interactions, and spin-

orbit interaction from experimental consideration and take them as given, focusing instead on

the crystal field levels and spin system that are most relevant to the development of quantum

communication platforms with Er3+. This brings us into line with common experimental

parlance, but now with improved understanding of the system with which we are working –

for example, relating ensemble broadening to the spin-spin interaction term of the rare-earth

Hamiltonian.

We apply this same approach of developing comprehensive understanding of our system to

the growth and characterization of our thin film samples, through Chapters 3 to 5. Through
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well-tuned growth windows, careful consideration of sample processing, detailed microstruc-

tural study, and fundamentally informed optical measurements, we are able to proceed to

thorough optical and microstructural characterization of Er:CeO2 thin films grown on silicon.

Benchmarking this system in Chapter 6 leads to understanding the processes involved with

inhomogeneous linewidth broadening for both the spin and optical transitions, identification

of quenching and subsequent reduction thereof in the optical transition used for flying qubit

interconversion, and measurement of coherence times nearing the microsecond regime. All

these things together yield quantum memory platforms that take important steps towards

viability for metropolitan-scale quantum networks.

In continuing to work towards that goal, in Chapter 7 we begin the adaptation of the

Er:CeO2 system from being grown on Si(111) to being grown on Si(001). We identify epitaxial

growth, albeit not in the desired orientation – though with reasonable optical properties that

could lead to additional gains in chip-scale integration for our systems. In an alternative route

towards scalability, in Chapter 8 we use the Er3+ energy structure reviewed in Chapter 2 to

identify additional host materials with an eye towards gains in communication bandwidth

via fundamental engineering of the defect host.

All told, this thesis represents steady progress on the grand challenge of quantum commu-

nication. We invoke the fundamentals of qubit design from the defect and host perspective,

while consistently judging our systems on the criteria of coherence and scalability.
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APPENDIX A

FITTING CLAUSIUS-CLAPEYRON EQUATIONS FOR FLUX

MEASUREMENTS

As described in Section 3.5, part of the process of setting up a growth window is taking

reliable fluxes of the available precursor materials, such as metallic cerium.

Here we will show that ion gauge sensitivity with respect to different molecules will not

change the vaporization enthalpy calculation of a fitted pressure-vs-temperature measure-

ment series.

The general form of the Clausius-Clapeyron equation is as follows:

ln
( P

Pref

)
= −∆H

R

( 1

T
− 1

Tref

)
(A.1)

We have here the measured pressure P in torr, a reference pressure Pref which we take

to be 1 torr, the enthalpy of vaporization ∆H, the ideal gas constant R, the measured

temperature T , and a reference temperature Tref. We may use this formula as a fit function

based on this formula, with fit parameters ∆H and Tref.

To account for chemical sensitivity, we acknowledge that the measured pressure P will

not be accurate to the true pressure Ptrue, due to ion gauge sensitivity changing based

on the identity of the impinging molecules. Generally, this sensitivity is identified as the

ionization efficiency, though a metric on this is the correction factor Rx, defined as the

"chemical sensitivity" of the gauge to different molecules based upon the polarizability of

the molecular species.135

In this case, we are more interested in how pressures may scale with the chemical sensi-

tivity, rather than the exact form of the chemical sensitivity itself:

Rx ≈ P

Ptrue
⇒ Ptrue ≈

P

Rx
(A.2)
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This may be substituted into the Clausius-Clapeyron equation. Factoring the equation

out, we find that it may be combined with Tref to form a fit parameter b = ∆H/RTref+lnRx.

ln
( P

Rx

)
= −∆H

R

( 1

T
− 1

Tref

)
lnP − lnRx = −∆H

R

1

T
+

∆H

R

1

Tref

lnP = −∆H

RT
+ b

(A.3)

In practice, we are not overly concerned with the value of b, but rather than the flux

of a given source may be accurately described by a Clausius-Clapeyron equation with some

combination of constants. We may also refer to the fitted enthalpy of vaporatization ∆H

to gauge that the value is in the correct regime for the source – effusion cell thermocouples

may be inaccurate by offsets of up to 100 ℃, which perturbs the fitted enthalpy from its true

value since the measurements of the temperature T are inaccurate. It is reassuring, however,

when enthalpy values are near their expected literature values. A value within a factor of

2-5 may be taken as an indicator that the expected material is being observed, especially

given that we know with certainty what material we are putting in a given effusion cell.
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APPENDIX B

SPIN-SPIN INTERACTION LINEWIDTH BROADENING

In this Appendix, we will go over the calculation of the Er-Er dipole-dipole interaction

broadening. The statistical theory of line broadening, which may be used to derive this

specific interaction broadening, relies on four key assumptions:61,90

1. Only one type of defect is involved in broadening

2. The defect causes a shift in resonance frequency in such a way that the contributions

from each defect is additive

3. Positions of defects are not correlated (or rather, defect concentration is low)

4. The lattice can be approximated by a continuous medium

Stoneham’s 1969 work90 takes these four assumptions plus a basic statistical approach

and produces the following equation:

I(∆ϵ) =
1

2π

∫ +∞

−∞
dxe−ix∆ϵe−ρJ(x) , J(x) =

∫
V
dzp(z)

(
1− eixϵ(z)

)
(B.1)

Here in Equation B.1, we obtain the lineshape I(∆ϵ) for a energy shift ∆ϵ from the

resonance center, caused by a population of spatially distributed defects with a volumetric

density ρ (units of # per volume), where each defect contributes an energy shift ϵ based on

the defect’s configuration coordinate z, which occurs with probability p(z).

In our case, we are using EPR to observe the resonance condition from the Zeeman effect,

which is as follows with g-factor g, a microwave field with frequency ν, magnetic field B, the

Planck constant h, and the Bohr magneton µB :

hν = gµBB (B.2)
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To obtain the perturbation to the resonance due to another nearby spin, we can look at

the electron spin Hamiltonian with and without a second nearby spin. For a single electron,

the magnetic field potential is simply the following, now including the magnetic moment µ,

vector magnetic field B, vector spin state S, and reduced Planck constant ℏ = h/2π.

HM = −µ ·B =
gµB
ℏ

S ·B (B.3)

We take the magnetic field to only reside in the ẑ direction, and apply the fact that

Sz = (ℏ/2)σz where σz = |↑⟩⟨↑| − |↓⟩⟨↓| is the z Pauli matrix.

HM =
gµB
ℏ

SzBz =
1

2
gµBBσz (B.4)

This Hamiltonian is already diagonalized, and the difference between the energies E↓ =

⟨↓|HM |↓⟩ and E↑ = ⟨↑|HM |↑⟩ yields the resonance condition in Eq. B.2.

Let there now be a system of two spins 1 and 2 with distinct g-factors and spins. The

two spins interact via their magnetic dipoles. We designated our resonance perturbation

ϵ(z) to be the impact on the 1 spin resonance condition as perturbed by the 2 spin. The

total two-spin Hamiltonian H is as follows, where µi = giµBSi/ℏ are the magnetic dipole

moments of each spin. We may compute the total Hamiltonian as follows, where we have

the two individual spin terms followed by the dipole-dipole interaction term.†

H = −µ1 ·B − µ2 ·B − µ0

4π|r|3
(
3(µ1 · r̂)(µ2 · r̂)− µ1 · µ2

)
(B.5)

Expanding the expression of the magnetic dipoles and using S = (ℏ/2)σ where σ is the

(unitless) Pauli vector:

†. Part of showing this derivation is to elucidate the modern parlance of units in these Hamiltonian
terms. As such, we note that the magnetic moments have units of energy over magnetic field, and so the first
two terms are obviously units of energy. The interaction term is more complex, starting with the vacuum
permeability which has units of, in SI: [T ]2[m]3/[J ]. Then we have the distance |r| with units [m], and the
magnetic moments each with units [J ]/[T ]. So, we obtain units of energy for the overall term.
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H =
g1µB
2

σ1 ·B +
g2µB
2

σ2 ·B −
µ0g1g2µ

2
B

8π|r|3
(
3(σ1 · r̂)(σ2 · r̂)− σ1 · σ2

)
(B.6)

This yields three terms: The first term, which sets of the resonance condition that we

wish to see the perturbation upon; the second term, which is the Zeeman splitting of the

second spin; and the third term, the interaction between the two spins, governed by the

distance between them |r|, and the the direction r̂.

We have chosen to apply our magnetic field in the ẑ axis, and so we quantize our spins

in ẑ accordingly. This sets the magnetic field to Bz, and sets r̂ to ẑ with a distance defined

by z = r cos θ. We may additionally neglect the final term in the expression σ1 · σ2 by

assuming a low concentration of interacting spins such that only two spins are interacting

on any given occasion.62

H =
g1µB
2

σz,1Bz +
g2µB
2

σz,2Bz −
µ0g1g2µ

2
B

8π|r|3
(
3(σz,1 · ẑ)(σz,2 · ẑ)− σ1 · σ2

)
=
g1µB
2

σz,1Bz +
g2µB
2

σz,2Bz −
µ0g1g2µ

2
B

8π|r|3
(3 cos2 θ − 1)σz,1σz,2

(B.7)

Explicitly expressing our Hamiltonian in tensor products accounting for the two spin

spaces, we obtain the following, which we can solve directly.

H =
1

2
g1µBBσz,1 ⊗ I2 +

1

2
g2µBBI1 ⊗ σz,1 −

µ0g1g2µ
2
B

8π|r|3
(3 cos2 θ − 1)σz,1 ⊗ σz,2 (B.8)

= ασz,1 ⊗ I2 + βI1 ⊗ σz,1 − γσz,1 ⊗ σz,2 (B.9)

Once again this expression is already diagonalized in our spin basis, so we immediately

extract the energies of each spin condition.
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⟨↑↑|H|↑↑⟩ = α + β − γ ⟨↑↓|H|↑↓⟩ = α− β + γ

⟨↓↑|H|↓↑⟩ = −α + β + γ ⟨↓↓|H|↓↓⟩ = −α− β − γ

(B.10)

We have two scenarios to evaluate the resonance condition (the difference between the

first spin’s up and down states), where the second spin is either up or down. Observe that

the unperturbed resonance is 2α.

2nd spin-up: ⟨↑↑|H|↑↑⟩ − ⟨↓↑|H|↓↑⟩ = (α + β − γ)− (−α + β + γ) = 2α− 2γ

2nd spin-down: ⟨↑↓|H|↑↓⟩ − ⟨↓↓|H|↓↓⟩ = (α− β + γ)− (−α− β − γ) = 2α + 2γ

(B.11)

Thus we have the two cases for the energy shift ϵ away from the resonance condition as

a function of r and the two possible perturbing spin states.

ϵ(r,±) = ±2γ = ±
µ0g1g2µ

2
B

4π|r|3
(3 cos2 θ − 1) (B.12)

For simplicity in writing this equation in the context of evaluating our lineshape, we

fold all non-spatial values into a single parameter a = µ0g1g2µ
2
B/4πh, where we have now

re-included h for obtaining frequency units at the output of our evaluation. Thus, we have

expressed the shift in resonance frequency of spin 1 due to a proximal spin 2.

ϵ(r,±) = ± a

|r|3
(3 cos2 θ − 1) (B.13)

We may now apply this energy shift ϵ in the context of Equation B.1. We begin by

evaluating the integral J(x). Let us assume that our system is at sufficiently high temper-

ature that the two spin states of the perturbing spin 2 are equally populated (a reason-

able assumption for 4 K measurements). For integration over a volume defined with the

spherical coordinates (r, θ, ϕ), along with integration over a spin coordinate ms, we take

114



p(z)dz = r2 sinϕdrdθdϕdms. Thus our integration actually becomes a sum across two terms,

one for spin-up and one for spin-down, each with half the total population of spins N .

J(x) =

∫
V
dzp(z)

(
1− eixϵ(z)

)
=

∫ R

0
r2dr

∫ π

0
sinϕdϕ

∫ 2π

0
dθ

∫
ms=±1

dms ×
(
1− eixϵ(r,θ,ms)

)
= 2

∫ R

0
r2dr

∫ 2π

0
dθ
[N
2

(
1− eixϵ(r,θ)

)
+
N

2

(
1− e−ixϵ(r,θ))]

=
4π2a

9
√
3
· |x|

(B.14)

We may then put J(x) into the expression for I(∆ϵ) and integrate once again:

I(∆ϵ) =
1

2π

∫ ∞

−∞
dxe−ix∆ϵe−ρ·4π2a|x|/9

√
3 =

1

π

2π3aρ/9
√
3

∆ϵ2 + (2π2aρ/9
√
3)2

(B.15)

This is precisely the equation for a Lorentzian distribution, which we take to have a

full-width half-max of Γd-d.

I(∆ϵ) =
1

π

Γd-d/2

∆ϵ2 + (Γd-d/2)2
, Γd-d =

4π2

9
√
3
ρa =

π

9
√
3

µ0g1g2µ
2
B

h
· ρ (B.16)

If we select g1 = g2 = g and a density of spinful defects with that g-factor, then the

broadening of the resonance line due of the spin ensemble due to itself is the following Γd-d:

Γd-d =
π

9
√
3

µ0g
2µ2B
h

ρ (B.17)

Evaluating this concentration for a density of spin-1/2 Er defects with a g-factor of

6.812(5), Γd-d(ρ = 2 ppm Er) = 0.2 MHz and Γd-d(ρ = 130 ppm Er) = 15.2 MHz as

mentioned in the main text.
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APPENDIX C

ANALYSIS OF TRENDS IN OPTICAL CHARACTERIZATION

C.1 Fitting the inhomogeneous linewidth doping dependence

In Figure 6.6 we characterize the inhomogeneous linewidth of the Z1-Y1 transition as a

function of Er concentration. The equation for the inhomogeneous linewidth is determined

from two possible relationships between Er3+ emitters and surrounding defects. In one

scenario, the interaction energy between the emitter and a nearby charged defect varies as

∼ 1/r2 (where r is the defect-to-emitter distance) and one expects Γinh ∝ n2/3 where n

is the defect density.90 Alternatively, the effects of strain, random electric field gradients,

or dipole-dipole interactions with interaction energy ∼ 1/r3 result in a linear dependence

Γinh ∝ n. Taking the linear combination of these two dependencies plus a constant term for

non-dopant-driven broadening yields the following generic equation for the inhomogeneous

linewidth:

Γinh(n) = a+ bn2/3 + cn (C.1)

As stated in the text, we take n ∼ nEr for fitting the equation. Setting c = 0 lets us

focus on the ∼ 1/r2 case, where we obtain a = 11(3) GHz and b = 1.3(2) GHz per ppm2/3

for a coefficient of determination R2 = 0.87. Setting b = 0 lets us focus on the ∼ 1/r3 case,

where we obtain a = 15(3) GHz and c = 0.23(5) GHz per ppm for R2 = 0.79. Fitting the

generic equation where both b and c may vary results in c→ 0 and the same values for a and

b as in the ∼ 1/r2 case, except with larger standard errors due to the third free parameter.

Because the ∼ 1/r2 case yields a higher R2, we describe it as a slightly better fit. However,

because the two scenarios both capture the behavior of the small dataset and because the

two R2 values are similar, we state that either interaction energy scaling is possible – the Er-

defect interaction may be either ∼ 1/R2 (charge-dipole), or ∼ 1/R3 (strain or second order
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Stark effect) – according to analysis with Stoneham’s models.90 We note that the ∼ 1/R2

dependence requires presence of a static dipole formed in the excited Er that is unexpected

in the centrosymmetric CeO2 lattice, and may only be possible due to lattice distortions

presented by microstructural imperfections.

C.2 Fitting the excited state lifetime doping dependence

In Figure 6.7 we use the Inokuti-Hirayama model88,91 to analyze the results of the optical

excited state lifetime of the Z1-Y1 transition. The model considers an optically active emitter

of intrinsic lifetime T (0)
1 surrounded by defects that can nonradiatively quench the excitation.

The energy transfer from the emitter to the defects may occur via dipole-dipole interaction

or via higher order (dipole-quadrupole, etc.) interactions. The resulting radiative decay

lifetime T1 is given by the following two equations:88

ϕ(t) = ϕ0 exp
[
− t

T
(0)
1

− Γ
(
1− 3

ν

) n

n0

( t

T
(0)
1

)3/ν]
(C.2)

T1 =

∫ ∞

0
tϕ(t)dt

/∫ ∞

0
ϕ(t)dt (C.3)

These equations yield the mean lifetime of the emitter T1 as a function of the intrinsic

lifetime of the emitter (T (0)
1 ) surrounded by a concentration of quenching defects n (# per

volume). Here the parameter n0 represents a ‘critical concentration’ of the quenching de-

fects (# per volume). The type of interaction is governed by the parameter ν ∈ {6, 8, 10}

for electric dipole-dipole, electric dipole-quadrupole, and electric quadrupole-quadrupole in-

teractions respectively. Finally, the excited state population as a function of time ϕ(t) is

normalized by the parameter ϕ0 representing the the number of emitters.

To fit our lifetime data as a function of erbium doping level using the Inokuti-Hirayama

model, we fit for T1 by using the intrinsic lifetime T (0)
1 and critical concentration n0 as free

117



parameters. The normalization constant ϕ0 is factored out in Equation C.3. Numerical

integration is used to evaluate Equation C.3.

Running the fit on the lifetime data with ν = 6 produces an intrinsic lifetime of T (0)
1 =

3.42(3) ms as discussed in the main text, and also yields a critical concentration of n0 =

474(46) ppm, though the identity of the quenching defect is not discussed. We choose ν = 6

due to the electric dipole-dipole interaction being the longest-range interaction, but fitting

ν = 8 and ν = 10 yield fits of equivalent quality with the same intrinsic lifetime, the only

change being that the critical concentrations are fitted to 219(21) ppm and 295(28) ppm

respectively.

C.3 Fitting the spectral diffusion linewidth doping dependence

In Figure 6.8 we fit the spectral diffusion as a function of Er concentration to a linear model

based on the expected broadening from instantaneous spectral diffusion caused by dipole-

dipole interactions with nearby excited Er ions.95 That equation is shown below, and fitting

the equation to the data in Figure 6.8 results in a = 10.7(9) MHz and b = 90(50) MHz per

ppm.

ΓSD = a+ bn (C.4)

C.4 Full treatment of the annealing derivation and conclusions

With annealing, the density of unintended defects drops, resulting in narrowing inhomoge-

neous broadening and lengthening T1 of the Er emitters. Here we assume a kinetic equation

with first order reaction rate for the annealing of the defects as a function of time:

dn

dt
= −K

(
n− nf ) (C.5)
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Here, n is the density of defects, K is the reaction rate constant, and nf is the defect

concentration at thermal equilibrium. The thermally activated reaction rate constant K is

given by the Arrhenius relation K ∝
(
exp{−EA/kBT}

)
where EA is the activation energy

for the defect to hop between lattice sites, kB is the Boltzmann constant, and T is the sample

temperature. Far from equilibrium, assuming n≫ nf , we have from Equation C.5:

n(t) = ni exp
(
−Kt

)
, K ∝ exp

(
− EA/kBT

)
(C.6)

where the defect density drops to n(t) after annealing for a duration t from the initial

“grown-in" concentration ni. Similar dependencies to Equation C.6 have been seen in other

works on similar polar oxides136,137 as well.

The power-law dependence of the inhomogeneous linewidth on concentration is estab-

lished in Figure 6.6. As discussed, some ambiguity in the appropriate power-law remains.

Thus, without loss of generality we may apply the generic model of Γinh = a+ bnαt where nt

is the density of grown-in defects (that impact the linewidth) remaining after dwelling for

time t during annealing, and α is the generic exponent. It is possible that these as-grown

defects affect Γinh through strain interactions, in which case α = 1, and the power law de-

pendence reverts to that in Equation C.1 with b = 0. Combining this generic power law with

Equation C.6 we thus have:

Γinh = a+ bnαi exp
(
− αKt

)
(C.7)

Since we do not know the intrinsic number of defects and the duration of annealing is

held constant between samples, we absorb those parameters along with the generic exponent

α into the fit parameters b′ and c to obtain the following function to be used for fitting:

Γinh = a+ b′ exp
(
− c exp

(
− EA/kBT

))
(C.8)
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where a, b′, c, and EA are fitting parameters. Fitting using an adaptive gradient descent

optimizer138 yields the fitted parameters a = 6.2 GHz, b′ = 2.7 GHz, c = 1090, and the fitted

activation energy EA = 0.66 eV for the inhomogeneous linewidth, indicating consistency with

our model for a reaction-limited annihilation of defects under annealing, with a reaction rate

that is thermally activated, likely diffusion limited, and has an Arrhenius-like dependence

on temperature.

The increase of the excited state lifetime with increased annealing temperature is modeled

with the Inokuti-Hirayama approach as discussed before. Again, we assume in our model

that the population of the quenching defects surrounding the erbium emitters are annealed

out – for which a thermally activated kinetic model, same as Equation C.6 is considered.

Thus, in Equation C.2 and C.3, we take n = ni exp
(
−Kt

)
, K ∝ exp

(
−EA/kBT

)
. This

leads to the following equations for T1 as a function of annealing time t:

ϕ(t′) = ϕ0 exp
[
− t′

T
(0)
1

− Γ
(
1− 3

ν

)(ni
n0

)
exp

(
−Kt

)( t′

T
(0)
1

)3/ν]
, K = c exp

(
−EA/kBT

)
(C.9)

T1 =

∫ ∞

0
t′ϕ(t′)dt′

/∫ ∞

0
ϕ(t′)dt′ (C.10)

Here T (0)
1 , (ni/n0), c and EA act as free parameters for fitting. Again, fitting using an

adaptive gradient descent approach leads to a good fit (Figure 5(c)) with T
(0)
1 = 5.7 ms,

(ni/n0) = 0.79, c = 950, and EA = 0.72 eV. We have taken ν = 6 representing ED-ED

interaction. This is in the same regime of EA arrived at for the inhomogeneous linewidth

variation, and points to a common density of grown in defects that are being annihilated via

thermally activated processes, thus leading to improvement of the optical characteristics of

the Er emitters.
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