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Abstract

In this thesis we explore various ways to extend population lifetimes and coherence
times of solid-state emitters. We focus on rare-earth-ion doped host materials and
silicon vacancy centers in diamond, both of which are used for applications in quan-
tum information processing and quantum communications. Enhanced lifetimes and
coherence times would improve the performance of these applications.

One approach investigates the possibility to suppress lattice vibrations that cause
decoherence and population relaxation by engineering the phonon density of states
through nano-structuring of the emitter’s host material. Towards this end we study
different materials and methods to obtain the desired nano-materials. Using various
optical spectroscopic methods, we show that population dynamics can indeed be
influenced by modifying the structure of the surrounding host material. However, we
also find that the employed fabrication and synthesis methods often induce crystal
damage that, in turn, degrades spectroscopic properties.

As a second approach, we study rare-earth-ions in disordered host materials. Detailed
spectroscopic characterizations are presented and we show with the example of an er-

bium doped fiber that such materials can indeed feature better properties, specifically
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longer population lifetimes, than the commonly used bulk crystals. We found opti-
mal operation parameters for the erbium doped fiber which made it possible to use
this medium for successful proof of principle experiments demonstrating a multimode
quantum memory that operates within the convenient telecom band (around 1550
nm wavelength).

Besides increasing the fundamental knowledge, the results of the studies presented in
this thesis are highly relevant for the fields of quantum communications and quantum
information processing since nano-structured materials are beginning to be investi-
gated for on-chip implementations of various applications such as quantum memories
and quantum gates. In addition, we found that population dynamics driven by detri-
mental lattice vibrations can indeed be modified in small powder materials and thus,
with improved fabrication techniques, the complete suppression of lattice vibrations

should be possible, benefiting a plethora of applications.
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rations for which the spin-state lifetime was measured (see Table [5.5))
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B.oT.

Spin-lattice relaxation rate as a function of the temperature 7' for B =

3T in 0.1% Tm:YAG for ions of sites 1, 3, and 5. The magnetic field

and the light polarization were along [111|, and ions of sites 1, 3, and

5 were thus optically and magnetically equivalent. The experimental

points were fit by Eq. [5.23 with the parameters given in Table [5.6}| . .
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[5.28.

Spin-lattice relaxation rate as a function ot the magnetic field strength

BatT =1.6 Kin 0.1% Tm:YAG for ions of sites 1, 3, and 5. The mag-

netic field and the light polarization were along [111]. Ions of sites 1,

3, and 5 were optically and magnetically equivalent. The experimental

points were fit by Eq. [5.23| with the parameters given in Table [5.6}| . .
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[5.29.

Spin-lattice relaxation rate as a function ot the magnetic field strength

BatT=4Kin 0.1% Tm:YAG for ions of sites 1, 3, and 5. The mag-

netic field and the light polarization were along [111], so ions of sites 1,

3, and 5 were optically and magnetically equivalent. The experimental

points were fit by Eq. [5.23| with the parameters given in Table [5.6}| . .
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.30,

Relevant energy levels of Th":Y3Al5015(vertical axis not to scale) for

the measurement of population relaxation between the first two crystal-

field levels within the °D, excited-state manifold. A pulsed laser excites

the ions from the ‘Fga ground state to the °D, f excited state, from

where they decay rapidly into D4 @ and b. The resulting fluorescence

due to the four °Dya/b —F5a/b transitions are collected, spectrally

resolved, and then analyzed. . . . . . . .. ... ... ... ...
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531

Fluorescence spectra at b K of (a) a 40 nm diameter powder and (b) a

500 nm diameter powder (synthesized via method 1). Each spectrum

(black dots) is fit with the sum of four identical Lorentzian lines with

the same pairwise energy splitting A (A'). For d = 40 nm the width

18 b3 GHz and A 1s 40 GHz, and for d = 500 nm the width 1s 13 GHz

and A is 39 GHzl. . . . . . . ..
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.32,

Fluorescence decays "Dya — ‘F5a (red dots) and "D, b — "Fsa (blue

dots) at 1.5 K in large crystallites (d = 500 nm). The experimental

points are fit with Eq. [5.27] (solid lines), resulting in 7}, = 235 us and

Ts = 4 ms. Inset: relevant level structure and rates associated with

the fluorescence decays (see definitions in the main text),| . . . . . . .
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.33,

Amplitude ratio a/5 obtained from an average of the fits of Eq.[5.27to

the four decays °D4a,b — ‘F5a, b as a function of average nanocrystal

diameter d for powder 1 (red circles) and powder 2 (blue squares) at 1.5

K. Simulations are depicted using dashed lines. Note that he amplitude

of the fast decay has been corrected for the partially overlapping lines

as described 1n the main text. Inset: Characteristic time of the fast

decay component as a function of nanocrystal diameter df . . . . . . .
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534,

Ratio of population n,/n, as a function of temperature in the bulk

crystal (black squares) and in nanocrystals from method 1 of average

diameter d = 72 nm (blue triangles) and 40 nm (red dots). Solid lines

are best fits using Eq. [5.29, and shaded areas represent uncertainties.|

b.35.

Microscope images of 1% Tb>":Y3Al;0;5 created using method 1 and

annealed at 1400 C (a), or 900 C (b,c), and from method 2 annealed at

900 C (d). Panels (a,b,d) are SEM images, showing the size distribution

of the nanocrystals. Panels (e) and (f) show XRD spectra of powders

produced by method 1 and 2, respectively (solid blue lines), and the

corresponding reference spectrum (JCPDS # 30-0040; red circles) for

YAG. Panel (c) is a high-resolution TEM image showing the crystalline

structure (narrow white lines), which can extend over several particles

if they are agglomerated.| . . . . . . . . .. ... ... L.
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.36,

Particle size (d) dependence of the radiative lifetime of the °Dy a level

for powders from method 1 (red circles) and powders from method 2

(blue squares). The solid line shows the expected dependence.| . . . .
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[5.37.

Particle-size-dependence of the inhomogeneous linewidth for powders

from method 1 (red circles) and powders from method 2 (blue squares).

Inset: Splitting A between the °D, a/b levels versus particle size. The

solid lines are guides to theeye.| . . . . . . . .. ... ... ... ...

[5.38.

Ratio ms/n; of populations in the ground manifold “'Fg b/a levels as

a tunction of the temperature Ti; read by the cryostat sensor for a

bulk crystal (black dots) and nanocrystalline powder samples with di-

ameters d = 124 £ 30 nm and produced by method 1 (blue squares)

and d = 63 + 11 nm, produced by method 2 (red triangles). The solid

line 1s the fit to a Boltzmann distribution with A, = 83.5 GHz. Note

that the large error bar for 3.2 K and d = 124 nm 1s caused by a large

uncertainty of the fit to that particular absorption spectrum.| . . . . .

[0.39.

Relevant energy levels of the S1V center in diamond.|. . . . . . . . ..

[5.40.

Vibrational density of states (DOS) simulations for nanopillars with

varying diameter d on a bulk diamond substrate| . . . ... ... ..
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Scanning electron microscope images of the fabricated nano pillars.|

5.42.

Schematic of the setup used to probe S1V centers in diamond.|
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B.44,

a) Time sequence of the two laser pulses used to extract the orbital

state lifetime of a SiV center. b) Simplified energy level structure of

the S1V. For lifetime measurements, population is excited from the

ground state |g;) (red arrow) and fluorescence from the two excited

states |e1/2) (blue arrows) is collected from the phonon sideband. c)

Time-resolved fluorescence collected from the phonon sideband. The

pump pulse leads to a population inversion in the ground states that

manifests itself in a decreased fluorescence during the second pulse.

Due to population relaxation |go) — |g1), the fluorescence during the

probe pulse will increase with increasing spacing between the pulses 7. 220

[.45.

Exemplary decay of the ratio A; /A, for a SiV in bulk diamond. The

population lifetime in the upper ground state |go) is extracted by a fit

of Eq.[b.30L . . . . ...

[5.46.

Orbital state (|go)) lifetime of SiV centers in nano-pillars of different

diameters. Experimental data is displayed as blue dots, the red line

G.T.

Spectral hole area as a function of the waiting time for 5 = 500 G

and " = 0.65 K. The experimental data is fitted by the sum of two

exponential decays with characteristic times 7, = 1.32 = 0.09 s and

T, = 25.9 & 1.5 s. The inset shows the fiber absorption profile at

T = 0.8 K (dashed blue line) and the hole lifetime 7}, for various

wavelengths (black dots).|. . . . . . .. ... oo
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6.2,

Magnetic field dependent depth ot a 200 MHz-wide hole normalized to

the depths of a 100 MHz-wide hole at each field, which is not signifi-

cantly affected by population transfer from an anti-hole. Please note

that the absolute hole depth ot a narrow hole decreases at B > 0.06 T

due to decreasing lifetimes, as shown in Fig.|6.5{c). Experimental data

1s shown by black dots; simulated results are mred.| . . . . . . . . ..
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6.3.

Spin relaxation rate 1/7, as a function of temperature at B = 500 G.

The dashed lines correspond to the different terms of Eq. 6.8 the Er-

Er coupling (blue dashed), the direct process (green dotted), and the

Raman process (orange dashed dotted).|. . . . . ... ... ... ...
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64

Dependence of the rate 1/7;, on the magnetic field at 7" = 0.8 K. The

solid line shows the theoretical prediction of Eq. [6.8] with the set of

parameters in Table |6.2] and the dashed and dotted lines correspond

to the individual terms (first term: blue dashed, second term: green

dotted, third term: orange dashed dotted). | . . . ... .. ... ...
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5.

a) Dependence of the rate 1/7;, on the magnetic field for fibers with

different erbium doping concentrations and lengths. b) Absorption

profiles of the three fibers. c¢) Hole depth as a function of magnetic

field. All measurements are taken at 0.8 K, at 1532 nm for fibers 1 and

2, and at 1536 nm for fiber 3. Red: fiber 1 (190 ppm, 20 m), black:

fiber 2 (200 ppm, 10 m), blue: fiber 3 (1200 ppm, 3 m),. . . . . . . .
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Schematic of a TLS with barrier height Vj, well separation L. and energy

difference Al . . . . .
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6.7

Two-pulse photon echo peak intensity as a tunction of the time delay

between the two excitation pulses at 7" = 0.7 K for B = 0.05 T (blue

dots) and B = 1 T (yellow dots). The pulse sequence is shown in the

inset. The experimental data are fitted by a single-exponential function

(dashed lines) with characteristic decay constants 75 = 247+ 14 ns and

T =396 106 ms.| . . . . ...
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6.8

Spectral diffusion processes in a rare-earth ion doped glass. The local

environments of the optically probed Er’™ ions in the center of the

grey circle are perturbed by either direct interaction with fluctuations

in the state of neighboring TLS (depicted on the right-hand side), or

interaction with fluctuations in the state of other Er°™ spins in the

local environment driven by TLS or another Er°" ion. Inset: double-

well potential-energy structure of the TLS, with asymmetry energy A,

barrier energy Vy and well separation L. . . . . ... ... ... ...
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[6.11. Effective homogeneous linewidth as a function of Z,3, derived from

3PPE measurements at 7' = 0.76 K at B = 0.06 T (empty circles) and

B =2 T (filled circles). The experimental data is fitted by Eq. [6.10]
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1. Background

1.1. Introduction

Large-scale quantum networks [5] are an auspicious replacement for today’s internet,
which is based on the transmission of bits, i.e. zeros and ones, encoded in strong
light. In a quantum network, bits are replaced by quantum bits (qubits) [6], which
can be in the usual states zero or one, but, unlike classical bits, also in an arbitrary
superposition of zero and one. To transmit such qubits they are often encoded into
single photons whereas for local processing and storage they are usually encoded in
atoms [7].

A quantum network would have distinct advantages compared to its classical coun-
terpart. First, it would allow one to connect distant quantum computers, which are
currently being developed since they promise great improvement in computing per-
formance. For example, quantum computer algorithms that can perform factoring
[8] of large numbers and searching of databases [9] orders of magnitude faster com-
pared to classical computers already exist. Furthermore, the ability to send qubits,

encoded into photons, over long distances is a prerequisite to encrypt communica-



tion between remote parties with information-theoretic security using quantum key
distribution (QKD) [10]. Thus, QKD is fundamentally safer than current encryption
methods that are based on mathematical algorithms that are expected to be broken
eventually (as detailed in the NIST Report on Post-Quantum Cryptography [11]).
QKD relies on the fact that quantum states, and hence qubits, cannot be copied
(no-cloning theorem [12]) since a quantum measurement has to obey the uncertainty
relation [13]. However, it is this inability to create perfect copies of individual qubits
that makes it challenging to transmit quantum information over long distances. As a
direct consequence of the no-cloning theorem, simple amplification, as used by classi-
cal communication networks, is not possible. Therefore, other means of establishing

long quantum links, for example quantum repeaters [14] [15], need to be developed.

The realization of large scale quantum networks requires the development of many
individual quantum devices. A general problem that is inherently related to the
quantum nature and limits the performance of all potential devices is decoherence,
i.e. perturbations of the physical system (e.g. two energy levels of an atom) used
to implement the qubit. Those perturbations are caused by its interactions with the
environment. The main goal of the work presented in this thesis is to identify and
engineer materials in which decoherence is suppressed and the lifetime of energy levels
is enhanced. Specifically, we concentrate on the case of rare-earth-ion (REI) doped

solid state materials (see chapter and [6)) and silicon vacancy centers in diamond

(chapter [5.8)).



Two different approaches are pursued. The first approach, presented in chapter[f] is to
modify the properties of impurity-doped solid-state materials using nano-structuring.
The target is to inhibit detrimental vibrations in the material that reduce coherence
times and cause relaxation between energy levels. The development of the required
nano-fabrication methods (chapter and together with our in-depth investiga-
tions of nano-scale structures and their properties using many different methods such
as electron microscopes, x-ray diffraction and spectroscopic methods, presented in
chapter [5.3.1] also directly benefits future on-chip implementation of possible quan-
tum devices.

The second approach is to study to what extent disordered materials such as glass
fibers can be employed for applications such as quantum memories or processors for
quantum states; it is presented in chapter 6l Disordered materials should reduce the
interaction between the doped impurities, which, in turn, will slow down relaxation
rates compared to crystalline materials. We employ several spectroscopic tools (see
chapter |3|) to directly measure the relevant properties such as coherence lifetimes and

relaxation rates and to benchmark the various materials.

New materials that show improved performance in terms of reduced decoherence rates
and increased lifetimes of energy levels are beneficial for a plethora of applications.
In this thesis we will focus on the fabrication and characterization of the mentioned
materials and determine to what degree they can be used to implement an efficient
quantum memory (chapter , one of the integral building blocks of a quantum

repeater, based on impurity doped solid state materials. For nano-structured REI-



doped materials we find some signatures of the desired suppression of vibrational
modes. Our detailed investigations of the transition from bulk to nano structures
also showed that new, detrimental processes can arise during the fabrication and
prevent the use of our materials in applications. However, the characterization of these
effects, presented in this thesis, will facilitate future material development and lay the
foundation for applications based on nano-structured REI materials. On the other
hand, our results with impurity doped fibers present a first step to develop a material
that can store quantum information at telecom wavelengths, i.e. around 1550 nm.
Enabling such a material and implementing a quantum memory with it would have the
distinct advantage that quantum networks could be directly implemented with fiber

infrastructure that is already in place and currently used for classical communication.

1.2. Rare-earth-ions and their applications

REI-doped crystals have been studied for decades because of their unique spectro-
scopic properties [16, 4, 17]. For REI, the lifetimes T} of the excited states of the
optical transitions within the 4f orbital are generally long (> us) since those tran-
sitions are forbidden by selection rules that are only slightly broken by imperfect
crystal symmetries. Furthermore, many properties derive benefit from the shielding
of 4f-electrons by electrons occupying the 5s and 5p shells, as shown in Fig. [1.1]
This results in typically narrow homogeneous linewidths that can reach the order
of Hz for certain ion:host combinations such as Er*T:Y,SiO5 [18] and Eu®*:Y,SiOs5

[19] at cryogenic temperatures. In general, the homogeneous linewidth is limited by
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Figure 1.1.: a) Radial probability for the electronic wavefunction for the example of
Gd*, reproduced from [I]. The electrons of the 4f shell are shielded from
the environment by the electrons of the 5s/p shells. b) Illustration of the
various shells and their filling in case of REIs.

dynamic processes that perturb the optical transition frequency between the ground-
and excited state. Such processes happen even at very low temperatures. Due to
their shielding, REI are less sensitive to these fluctuations in their environment, how-
ever, e.g. fluctuating strain fields caused by lattice vibrations, and magnetic coupling
to neighboring spins still contribute to the homogeneous broadening. For REIs, the
homogeneous linewidth I';, can approach its ultimate limit 'y, > 1/2x7T}, which is

determined by the excited state lifetime T} as required by the uncertainty relation.

Since every REI experiences a slightly different local environment in its host in terms
of defects as well as stress, the crystal field interaction and thus the position of the
homogeneously broadened optical transition is slightly different for each ion, as shown
in Fig. |1.2

The values of the various energy levels of a REI are governed by the following Hamil-



Absorption

Stress and Defects Frequency
Figure 1.2.: Inhomogeneously broadened absorption line I';,50, composed of homoge-

neously broadened absorption lines I'y,,, of individual ions in a different
crystal environment. Figure reproduced from [2].

tonian:

H:H0+H50+HCF+HQ+HZE+HN2+HHF+HSHF (1.1)

where Hg is the central field Hamiltonian and Hgo corresponds to the spin orbit
coupling. These two terms make up the description of the free ion. Hop is the crystal
field Hamiltonian followed by the quadrupole interaction Hg. The Zeeman interaction
with an external magnetic field is given by Hzg (electronic Zeeman interaction) and
Hyzn (nuclear Zeeman interaction). Finally, the last two terms of Eq.[1.1|describe the
hyperfine (Hyp) interaction caused by coupling of nuclear spins to spin and orbital
angular momentum of the electrons and the superhyperfine interaction Hgyp that
arises due to coupling of the REI to other nuclear spins in the host matrix. The
individual energy levels of erbium in a solid state host are shown in Fig. Each
energy level is identified using a set of quantum nubers 2t L ; with S the spin-, L the
orbital angular momentum- and J the total angular momentum quantum number.
From left to right, the interactions decrease in magnitude.

The ensemble of homogeneous absorption lines of all ions doped into the crystal
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Figure 1.3.: Energy levels of the Er*' isotopes in a solid. Quantum numbers as de-
scribed in the main text with mg the electron spin projection and m; the
nuclear spin projection.

create the so-called inhomogeneous broadening (see Fig. . Its width strongly
depends on the specific crystal and can range from tens of MHz in chloride crystals
[20] to hundreds of GHz in the case of lithium niobate [21]. The narrow homogeneous
linewidths of REI and the possibility to spectrally modify their broad inhomogeneous
absorption lines via optical pumping [4] have led to many applications, including
signal processing [22], laser stabilization [23], ultra-precise radio frequency spectrum

analyzers [24] and optical quantum memories [25].

1.3. Spectral tailoring and the atomic frequency comb

quantum memory

The atomic frequency comb (AFC) quantum memory protocol [26] theoretically al-
lows quantum storage with unity efficiency and is particularly suited for REI-doped

crystals. In addition, the protocol makes it possible to store quantum information



encoded in multiple modes without requiring more resources in terms of the storage
material. Multimode storage together with the existing ability to transmit multiple
modes through fiber networks directly increases the maximum rate of communication
in a repeater-based quantum network. All other quantum memory protocols require
more resources, specifically more absorbers, to increase the number of modes that

can be stored.

The AFC- and many other quantum memory protocols, e.g. CRIB, reviewed in
[27], rely on the ability to spectrally tailor the inhomogeneously broadened optical
absorption line via frequency selective hole burning as described in section [3.1] In
case of the AFC protocol, it is shaped into a comb-like sequence of peaks and troughs

as shown in Fig. [[.4

The incoming photon, which must have a spectral width smaller than the extent of

,,,,,,, | T, :
c =R T ————_ c
2 2 2
& 3 spectral- i3
2 3 :hole-burnin? 3
< 1< 1 <
Frequency N Frequency Frequency

Figure 1.4.: Generation of an atomic frequency comb with splitting A via frequency
selective spectral hole burning on the inhomogeneously broadened ab-
sorption line I';,.

the prepared pattern, and much larger than the tooth spacing A, is absorbed by the



medium resulting in a collective excitation

N

j=1

a so called Dicke state [28]. The index j labels the corresponding ion within the
comb, 0; is the frequency detuning of the atom compared to the center frequency
of the absorbed photon, and c¢; are the amplitudes corresponding to atom j. k£ is
the wavenumber of the light field. After absorption of the photon, each term of the
sum accumulates a phase depending on its frequency detuning 6; = n; - A with A
being the spacing between the individual teeth and n; integer numbers. After a time
T = 27 /A the ensemble re-phases and the photon is re-emitted. In this form, the
quantum memory’s storage time is pre-determined by the spacing between the teeth.
However, on-demand retrieval can be achieved by transferring the excitation (Eq.
to an auxiliary energy level, usually a long lived spin level, and returning it after the

desired storage time.

The quality of the comb pattern directly influences the maximum achievable efficiency
for quantum storage. In case the photon is re-emitted in backwards direction and the

peaks have Gaussian shape, the efficiency n is given by

n=(1- e_(o‘/F))2 e~ (/T gm0, (1.3)

Here « is the peak absorption of the medium, F' = A /v the finesse of the comb with



~ the width of the individual teeth and gy the residual absorption in the troughs of
the comb. We note that whereas the efficiency in case of Eq. can reach unity, it
is limited to 54 % due to re-absorption in case the photon is re-emitted in forwards

direction.

From Eq.[I.3]one can see that the efficiency directly scales with the finesse of the comb,
which is ultimately limited by the minimum achievable peak width v. The minimum
peak width is given by the homogeneous linewidth of the material that is used. In
many cases, and specifically in Erbium doped materials that are interesting due to
their transitions within the telecom wavelength range around 1550 nm, this linewidth
is broadened by phonons. Furthermore, if there is residual absorption in the troughs
of the comb, i.e. ions that have not been optically transferred to the auxiliary energy
level or that relaxed back into the ground state, system loss exponentially reduces
the memory efficiency (see Eq. . Depending on the chosen material and the
chosen auxiliary energy level, phonons can cause rapid relaxation from the auxiliary
level back in the ground state and degrade memory efficiency. This phonon-driven
relaxation is fastest at high magnetic fields where coherence properties usually are
optimal. At low magnetic fields, interactions between neighboring ions often make
high-quality spectral tailoring difficult. Paper discusses these processes for the
specific case of erbium doped materials.

Thus, in order to improve the performance of quantum memories based on spectral
tailoring in REI, it would be beneficial to either inhibit phonons present in the host

material that cause relaxation and line broadening, or to reduce interactions between

10



neighboring ions. This thesis investigates methods to achieve both of the above men-
tioned goals: Inhibit phonons in the host material through nano-structuring (chapter
5) and inhibit erbium-erbium interactions through the use of disordered, amorphous

materials (chapter [6]).

We note that inhibiting phonon-driven relaxation and line broadening, and reducing
ion-ion interactions in solid state hosts is not just useful to improve the performance
of the AFC quantum memory protocol but also benefits other protocols such as CRIB

[29] and all applications mentioned in section that are based on spectral tailoring.

11



2. Light-matter interaction

All quantum memory protocols and all the spectroscopic investigations that are de-
scribed in this thesis rely on the interaction of light with matter, in this case REI
doped solid state hosts. Therefore, this chapter will provide a brief introduction to
light-matter interactions and derive (following the methods presented in [30, 31} [32])

the essential equations required to describe it.

2.1. Rabi oscillations

In the most simple case, the system of interest consists of one atom featuring two
energy levels — the ground state g and the excited state e — and a plane wave electric
field E. In the interaction picture, the state of the atom, already including the time
evolution of the atom, can be written as

| | (tye s
W) = glt)e P g) + (e 5 ) = | (2.)

e(t)e—z‘Eet/h

12



with F, and E, the energy of the ground and excited state, respectively, & the reduced
Planck constant and e(t), g(t) the time dependent amplitudes for the respective states.
The electric field E is given by:

B 1) - % (E*(2)e™ + B~ (x)e ) (2.2)

with w the frequency of the electric field. The electric field interacts with the atom
through the dipole interaction —pE(z,t) with the dipole moment g = —ex where €
is the charge of the electron and @ the position. Assuming the electric field varies on a
much larger scale than the extent of the atom (dipole approximation), the expectation
values for this observable can be computed as E(xz,t) (U(¢)| p |¥(t)). Furthermore
assuming an inversion symmetric medium results in vanishing diagonal elements such

that the total energy of the interaction can be written as

0 M*E(x,t)

ME(z,t) 0

where M = €(g|x|e) is the matrix element of the dipole operator. Solving the

Schrodinger equation

iho,U(t) = H(t)W(t) (2.4)

with this Hamiltonian results in the time varying amplitudes g(t) and e(t) that de-
scribe the state the atom is in. Assuming the so-called rotating wave approximation

is valid, i.e. terms rotating with frequencies w + (E. — E,)/h = w + we, can be
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neglected and assuming the frequency of the electric field is on resonance with the

atomic transition w = we, one finds

g(t) = cos (%) and e(t) = —isin (%) (2.5)

with Qr the Rabi frequency given by Qpr = !%‘ These time-varying amplitudes
reflect that the atom is oscillating between its two states when interacting with a res-
onant field, i.e. the atomic population can be transferred from one state to another

using an electric field.

2.2. Maxwell-Bloch equations

This semi-classical treatment can be extended by including a phenomenological spon-
taneous emission term in the interaction operator H. One can write the state of the

atom in form of a density matrix

Assuming |U(t)) is a pure state and the rotating wave approximation holds, this leads

to the well known Bloch equations [33]:

d 1 1
—pge = — | =— — iw, e+ —ME"(p.. — 2.
dtpg (2T1 W g) Pge + 2ih (p ng) (2.6)
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d (pee - pgg) - NO

%(pee - ng) - =

1
—(M*E pye — ME™"p? 2.7
7"11 + Zh( pg pge) ( )

with the equilibrium population inversion Ny = —tanh(hw,,/2kT), k the Boltzman
constant and 7' the temperature of the medium. 7) is the population lifetime of
the excited energy level |e) and T, = 27} the dephasing time. Note that in general
the dephasing time 75 is shorter than twice the population lifetime due to dephasing

processes.

2.3. Jaynes Cumings model

The semi-classical treatment presented in the previous sections and of this
chapter make it possible to describe most aspects of light-matter interaction. How-
ever, their limits are obvious since, for example spontaneous emission had to be
included in a phenomenological way to derive the Bloch equations. A full quantum
description makes it possible to describe this phenomenon in a rigorous way. The
derivation is similar to the one presented in the previous sections but with the elec-
tromagnetic field quantized in terms of occupation of modes labeled by the wave

vector k and polarization I:

L h ~ i w * A —1 —iw
E(x,t) = E E \/ Ve (elak,le ko giwt 4 e;ay, e kx t> (2.8)
Ik

with € the vacuum permittivity, e the polarization vector, ag,, &L’l the creation and
annihilation operators of the electric field in a particular mode. V is the mode volume

that can be tailored in wave guides or cavities [34], which, as shown below, can lead
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to faster Rabi frequencies. This quantization leads to the Hamiltonian describing the

System:

. X 1 L _— R

H = Hopom+Hyicrat Hr = Shoego+y Y hnitg i+ Y WU (a0 +if o)
ko1 P

(2.9)

with the same definitions as in the previous sections and o; operators for the atom

defined as

o, = oy = o_ = : (2.10)
The Rabi frequency for w = we,

hw(nk,l + 1)

Okl — Me
R kil 2€0V

is similar to the classical one but the electric field has to be replaced with the quantized
version and 7 = dlek,l is the occupation number operator of a specific mode. This
Hamiltonian allows for oscillations, even if the electric field is in the vacuum state,
i.e. it describes spontaneous emission assuming the atom starts in the excited state.
This manifests itself since the Rabi frequency is not zero for n=0. For the simplest
case of one two-level system interacting with one mode of the electromagnetic field

Eq. is called the Jaynes Cummings Hamiltonian [35].
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3. Spectroscopic tools and spectral

tailoring

The previous chapter described the interaction between light and matter. Due to this
interaction, light provides us with a unique tool to investigate the properties of matter
and to understand the underlying mechanisms that lead to them. This chapter will
discuss various spectroscopic methods and their ability to measure different material
properties. The main goal is to provide a set of measurements that allows one to
quantify the ability to perform spectral tailoring as described in chapter [I.3] By per-
forming the mentioned measurements for a broad range of environmental parameters
such as temperature and magnetic fields, it is then possible to determine the nature

of the underlying processes leading to the observed properties.

3.1. Spectral hole burning

As described in section [1.3] many applications of REI-doped materials depend on the

ability to move atomic population to a shelving level in a frequency-selective way, a
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process known as spectral tailoring. The simplest possible case is to only remove the
population from one single frequency bin within the inhomogeneous line and store it
in a metastable state; a process called spectral hole burning, first described in 1975
by Szabo [36]. The spectral hole is created using a narrowband laser that is resonant
with the transition of interest and transfers the atomic population from the ground to
the excited state (see Fig. . From the excited state the population may decay into
a metastable (e.g. hyperfine) state within the order of us to ms for many common

REI materials. After the spectral hole has been created, it can be probed after a
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Figure 3.1.: Experimental hole burning sequence, frequency-selective optical pumping
moves population from |go) to |a). When the hole is read by a laser pulse
that is swept in frequency over the extent of the hole this manifests itself
in decreased absorption.

certain time 7 using a second, narrowband laser whose frequency is swept over the
extent of the created hole. In this way both, the width and the area of the spectral
hole can be measured in a time resolved manner. In this thesis, if the spectral hole

vanishes after a relatively short time 7, typically on the sub millisecond scale, which
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may correspond to population lifetimes in excited electronic states, it is referred to
as a transient hole. If the hole is long lived (> ms), as is the case of most Zeeman or
hyperfine states, it is referred-to as a persistent hole. By burning multiple spectral
holes within the inhomogeneously broadened line and storing the population in an
auxiliary level, more complicated spectral patterns such as atomic frequency combs
can be created. The maximum time during which the created spectral features exist

is a key figure of merit for all applications mentioned in section [I.2

Often spectral hole burning is used to extract the lifetimes of the various levels that lie
between the excited state |e) and the ground state |go). This is done by measuring the
area of the spectral hole, which is directly proportional to the amount of population
absent from |gg), with varying 7. In case only two levels |gg) and |e) are involved, the
area of the spectral hole will decay exponentially with time. Additional levels will
produce a multi- exponential decay. The decay times of the individual exponential
functions directly correspond to the population lifetimes of the involved energy levels.
Furthermore, in case of 3 or more involved levels, the analysis of the decay allows one
to determine the branching ratio f, i.e. the fractions of the population in |e) that
decay into the various levels between |e) and |go). As an example, for a 3 level system
as depicted in Fig. [3.1] the decay of the spectral hole area can be fit to [37]

1,
A(T) = €_T/Te + gﬁ (G_T/Ta — €_T/Te) (31)

and the lifetimes T}, T, and the branching ratio # can be obtained.
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Furthermore, it is possible to measure the width I, of the spectral hole. Extrap-
olated to zero burn power and zero time delay 7 = 0, the measured hole width is a
convolution between the line width of the laser that was used to burn the spectral
hole and twice the homogeneous linewidth [3§]. For increasing laser intensity 7, the
measured hole width T'p,c.s will increase as T'yeqs = Dhote(1 + V1 + Q211 T5) [39] with
02 = M?I/h? the square of the Rabi frequency, T} the lifetime of the excited state
and Ty its coherence lifetime. This so-called power broadening arises since with more
laser power, ions that are slightly off resonant with the laser can be excited and take

part in the spectral hole.

Depending on the exact level structure of the ion under investigation, additional fea-
tures besides one central hole can appear when the spectral hole is scanned. Assuming
an excited state and ground state that each split into two states as in Fig. [3.2] and
that the hole is created on the |g), — |e), transition, one side-hole will appear as the
transition |g), — |e), is also depleted. Since the population after the pumping pro-
cess will be stored in |g),, two anti-holes will appear since the transitions |g), — |e),
and |g), — |e), obtain increased absorption. Due to the inhomogeneous broadening,
each transition |g), — |e), with ¢ = 1,2 will be on resonance with the pump laser for
a certain subset of ions. The amount of side- and anti holes is thus increased accord-
ingly (see Fig.|3.2). The splitting between the additional holes- and anti holes allows
one to determine the energy splittings of the involved levels and, in case of Zeeman

levels, the extraction of g-tensors as was done in the paper included in chapter [5.6]
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Figure 3.2.: a) Holeburning on an ensemble without inhomogeneous broadening. Two
antiholes arise since population is transferred into the upper ground-state.
A sidehole arises since the other transition originating from the same level
as the pump is also depleted. b) Due to the inhomogeneous broadening
the pump (vertical arrows) is simultaneously resonant with various tran-
sitions resulting in a symmetric hole-spectrum. Figure reproduced from

3.

Spectral hole burning, as described above, does not provide a reliable way to measure
homogeneous line-widths since the result depends on many experimental factors. The
following section will thus concentrate on different measurements of the homogeneous
line-widths. However, for some applications such as the AFC quantum memory pro-
tocol it is of great interest to measure spectral holes in terms of width and depth

including all the mentioned experimental contributions since these quantities ulti-

mately determine the memory’s performance.
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3.2. Coherence measurements

As stated previously in chapter [1.3] the homogeneous linewidth I';, which is inversely
proportional to the coherence time Ty = 1/7['y,, is another key performance indicator
for applications based on REI-doped materials. For example, in case of the atomic
frequency comb protocol, it limits the achievable efficiency. This section will thus be
discussing methods to reliably measure coherence times in various materials. Since
much of the work presented in this thesis consists of the study of powder materials,
we will also discuss methods, such as free-induction decay, that are not very common

but well suited to investigate strongly scattering materials.

3.2.1. Two-pulse photon echo

Today the most commonly used method to measure the coherence time of optical
transitions in REI-doped materials is the so-called two-pulse photon echo, which has
been first observed 1964 by Kurnit et.al [40] in ruby. The advantage of this technique
is that the measurement result is independent of the laser line width and detector
bandwith (as long as it is large enough to resolve the specific pulses in time). The
sequence consists of two laser pulses (see Fig. interacting with the medium. The
first pulse, ideally a 7/2 pulse, excites a set of ions to a superposition between the
two states that span the transition of interest. Following the first pulse, the ions
contributing to the superposition will dephase since each ion has a slightly different
resonance frequency. After a certain time 7 a second pulse is applied, ideally a 7 pulse

that reverts the phase angle. Therefore, after a time 27 + ¢, (see Fig. , all ions
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Figure 3.3.: Pulse sequence and phase evolution in a two-pulse photon echo. Diverging
lines in the phase evolution correspond to ions affected by a decoherence
inducing process. The more ions are affected by such processes, the
smaller the echo becomes. Reproduced from [4].

will be in phase again and the photon echo is emitted. Ideally, without any processes
limiting the coherence, the intensity of the echo would be independent of the time
7. However, the coherent phase evolution is perturbed by many processes, such as
phonons, electric fluctuations in the environment and ultimately spontaneous decay
of population. This causes the intensity of the echo to decay with increasing 7. If
spectral diffusion (see chapter is not present, or much slower that the timescale

of the two-pulse echo, the resulting decay of the echo’s intensity can be fitted using

| 2(Z)) o2

and the coherence time 75 can be extracted.

an exponential
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3.2.2. Spectral diffusion and three- pulse photon echo

Spectral diffusion describes the time-dependent random change of an ion’s transition
frequency. It is caused by dynamic processes in the ion’s environment such as lattice
vibrations, two-level systems (see chapter or flipping of neighboring spins. The
timescales of those processes can be vastly different. Since all ions in the material
are affected by spectral diffusion, the homogeneous linewidth of a subset of ions, i.e.
the ones probed by the measurement, appears to increase over time. For example the
width of a spectral hole seems to broaden with time since the transition frequencies

of the ions contributing to the hole are perturbed by spectral diffusion.

Because processes contributing to spectral diffusion occur at different rates, spectral
diffusion can perturb the phases of ions in a superposition in a time-dependent way.
This effect manifests itself in two-pulse echo decays as a non exponential shape. In
the presence of spectral diffusion, the two-pulse photon echo decays are usually fitted

using a generalized version of Eq. , also known as Mims [41] decay:

2 m
Lo = I exp {—2 <—T) } (3.3)
T

with Th; the so called effective phase memory time of the system, i.e. the time over
which the coherence decays to 1/e? of its initial intensity [42], and m is the so-called

Mims exponent that describes the non-exponential decay caused by spectral diffusion.

Since spectral diffusion occurs over various timescales, it is impossible to fully charac-
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terize it using a measurement like the two-pulse photon echo or spectral holeburning.
The former addresses the shortest timescales and the latter rather long timescales. A
measurement that can access the homogeneous linewidth after arbitrary timescales
Ty is needed. The three-pulse photon echo measurement has those capabilities. It
is very similar to the two-pulse photon echo, however, the 7 pulse is split into two
/2 pulses (see Fig. [3.4]). The first pulse prepares the coherence, the second pulse,
occurring after a wait time t15, transfers the coherence into a population diffference
between ground- and excited state, thus effectively creating a comb like structure
in frequency. The third pulse, after a wait time Ty, then probes the grating and
is re-emitted after a time t15 due to a rephasing process very similar to the AFC
quantum memory protocol (see chapter . A different way to view this is that the
third pulse transfers the population difference back into a superposition, which then
rephases and causes a photon echo to be emitted. During Ty 4 2t15 spectral diffusion
occurs and affects the efficiency of the reemission, i.e. decreases the intensity of the

echo as

(b, Tow) = Iyexp {—2Tyw /T1 } exp {—2 (%’)m} (3.4)

with 77 the lifetime of the excited state and all other variables as defined before.

1 B I
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[
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Figure 3.4.: Pulse sequence in a three-pulse photon echo. See main text for a detailed
description.

The different decay shapes can be modeled and information about the different pro-
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cesses contributing to spectral diffusion, their rate and relative importance can be
obtained. For the specific example of an erbium doped silica glass fiber, the paper

included in chapter [6.3] describes this procedure in detail.

3.2.3. Free-induction decay

Whereas the two-pulse photon echo is generally the most reliable way to measure
coherence times, this method proved to be challenging to perform for small, strongly
scattering powder materials with short coherence times. In practice, it was some-
times easier to measure the coherence time by observing the free-induction decay
(FID) using heterodyne detection. Compared to hole burning, FID measurements
make it possible to measure the homogeneous linewidth on shorter timescales and
also reveals the evolution of decoherence processes over the timescale of the measure-
ment similar to the decays measured in a two-pulse echo measurement. However, FID
measurements are limited by the laser linewidth. There are different version of FID
measurements. Here we will describe the so called delayed FID technique [16], which

we used in Paper

In a delayed FID measurement (see Fig. , an initial narrowband laser creates a
spectral hole whose width, as in a spectral hole burning measurement, depends on
the homogeneous linewidth of the material and the laser linewidth. After a waiting
time Ty, an excitation pulse at the same frequency but much shorter puts ions in

a coherent superposition between the ground- and excited state. Subsequently, the
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excited ions coherently emit radiation that

a
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Figure 3.5.: a) Pulse sequence for a delayed FID measurement together with the signal
observed on the Photodiode b).
can be heterodyned with a local oscillator (a laser detuned in frequency) to amplify
the signal. Since the excitation pulse has a very large bandwidth due to its short
duration, excitation at any individual frequency is minimized and the pulse does
not create a spectral hole. Thus, the FID decay is determined by the spectral hole
prepared by the first laser and the decay of the decay of the beat signal with time
t provides information about the hole width broadened by spectral diffusion on the

timescale of Ty :

Irip(t, Tiw) = Iy exp {— (my} (3.5)

Note that there is no factor of two in the exponent since, in a heterodyne measurement,
the electric field is probed rather than the intensity of the signal. This provides
more dynamic range for the measurement since the signal decays half as fast and is

especially useful to measure short coherence times.
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4. Spin lattice relaxation

One of the approaches to develop materials that allow for better spectral tailoring in
terms of persistence and spectral feature width is to prevent undesired spin-lattice re-
laxation, i.e. relaxation of population from spin levels through interaction with lattice
phonons. Since for many applications, population that is moved to create spectral
features is stored in low-lying spin states |g;), avoiding spin-lattice relaxation caused
by phonons resonant with the |gg) <> |g1) transition would improve spectral tailoring
in two ways. First, without this relaxation, spin lifetimes will increase if no other
limiting processes are present. Second, since spin-lattice relaxation can contribute
significantly to spectral diffusion, narrower spectral features can be achieved without
it. As described in chapter [5.1] specifically for the desirable erbium-doped materials
at high magnetic fields, spin-lattice relaxation is limiting both persistence and line

width.

The next section will provide the background to understand how phonons interact
with impurities doped into host materials, and derive the dependence of the spin-

lattice interaction on magnetic field and temperature. The derivations follow mainly
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the original work presented by Orbach in 1961 [43].

4.1. Orbach theory

The first theoretical treatment of spin-lattice relaxation goes back more than 80 years.
Early theories were developed by Waller (1932) [44] , Heitler and Teller (1936) [45]
and Fierz (1938) [46]. However, all of those theories failed to correctly reproduce
early experimental results obtained by Gorter (1936) [47]. The later work of Kronig
(1939) [48] and Van Vleck (1939 and 1940) [49] 50] succeeded to explain spin-lattice
relaxation around 77 K. Although valid at elevated temperatures, their explanation
failed to produce correct results at liquid helium temperatures, the temperature range
which is of interest today since all applications mentioned in chapter are imple-

mented at temperatures lower than 4 K.

A theory for spin lattice relaxation at low temperatures, e.g. at or below liquid helium
temperatures, was developed by Orbach in 1961 [43]. The treatment is based on the
assumption that relaxation is facilitated by fluctuations in the crystal’s electric field,
described by the potential V,;, that are caused by phonons.

Orbach’s treatment distinguishes between Kramers ions (REI with an odd number
of electrons such as erbium®") and non-Kramers ions (REI with an even number
of electrons such as thulium®*). An additional distinction between direct phonon
processes, resonant two phonon processes (Orbach processes) and off-resonant two

phonon processes (Raman processes) is made (see Fig. . Each process is described
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in detail in the following.
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Figure 4.1.: Different phonon processes facilitating transitions between |a) and |gy),
each described in detail in the main text.

4.1.1. Direct-phonon process

A transition between two levels |a) and |gy) can be caused via the interaction of a
REI with a single phonon of the lattice, the so called direct-phonon process. Known
as Fermi’s golden rule, in first order perturbation theory, the probability of making

such a transition is given by

Wara = - (ool 3 Vatla) Po(B), (4.1

Here |a) is the initial state, (go| is the final state; the sum covers all ions that are
in the initial state |a) and p(F) is the density of states. Using Elliott’s and Stevens’
expansion of the spin lattice potential V; =) V"€, with €,,, the average crystal

strain and the corresponding expansion coefficients V,,,, [51], one can express V,; in
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terms of the average strain in the crystal lattice at a certain point in the crystal.
These matrix elements have been computed by Ziman 1960 [52] and depend on the
phonon occupation number N given by the Bose-Einstein distribution. Using Eq.

one can then compute the total transition rate

3

30 ho
/T, = —2° m Zcoth | =22 ). 4.2
T = e < o S Wla > Feo () (12)

Here Tj is the spin state lifetime, d4,, is the energy difference between the initial and
final state, k; is the Boltzman constant, p the material’s density and ¢y the speed of
sound in the material. The inverse proportionality of the transition rate to the fifth
power of the sound velocity shows that phonons couple strongest in soft materials in
which ¢, is small. Up to this point the treatment is still valid for both classes of REISs,
Kramers and non-Kramers. The distinction arises from differences in the matrix ele-
ment < go| ), , V,"|a >, it vanishes if initial and final state are time reversed states
of half-integer quantum numbers, i.e. electron spin 1/2 leading to degenerate crystal
field levels for a Kramers ion without an external magnetic field. For Non-Kramers
ions this is not the case and consequently, the above mentioned matrix element does

not vanish.

Since for most applications, the crystal field levels are not used, we here consider the

special case in which the levels |gy > and |a > are Zeeman states. The rate of direct
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phonon processes for non-Kramers ions Eq. is then given by [53]

1/T) < H*T for gugH << kT (4.3)
and
3 gusH .
1/T} o< Hcoth otherwise (4.4)
2k, T

with H the magnetic field, g the g-factor, up the Bohr magneton and T the temper-

ature.

Kramers ions, ions with an odd number of electrons, are the second important sub-
class of the REI. The unpaired electron in general makes them more susceptible to
interactions with the environment. This leads to different phonon coupling strengths
and different dependencies of the relaxation rates on external factors such as the
magnetic field. However, the processes themselves are the same. In the case of

Kramers ions and |go), |a) again being Zeeman states, Eq. [4.2| transforms to [53] [42]

1/T) oc H*T for gupH << kT (4.5)
and
H
1/Ty o< Hcoth (921;ij ) otherwise (4.6)

These temperature- and magnetic field dependencies of the direct phonon process

(Eq. and are characteristic and can serve to identify it. Note however, that
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only observing the linear temperature dependence can be misleading since, for exam-
ple, interactions with paramagnetic impurities in the environment also give rise of a

linear temperature dependence of the decay rate [54].

Generally the direct-phonon process is dominant at lowest temperatures. At higher
temperatures, phonons with higher energy are available and multi-phonon processes
become important. The specific temperature at which higher order processes domi-

nate relaxation strongly depends on the material.

4.1.2. Two-phonon processes

Two-phonon processes are explained by second order perturbaton theory. Here the
spin lattice potential acts twice upon the involved states and two phonons induce a
transition between the initial and final state. Therefore an intermediate level |¢) via
which the transition takes place must be involved. Using the same approach as in

Eq. the transition probability is now given by

Wiy = o0 ol 5 LD UL o) o) (47)

Here, E, — F is the energy difference between the initial and intermediate state and
the sum ¢ again counts all ions that are in the initial state |a) whereas the sum ¢
sums over all possible intermediate states |t). Using the same expansion of the spin

lattice potential as for the single phonon process, the relaxation rate for two phonon
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processes is given by

9 J
1/Ty =————cosh ( 2
/h 167T3p20§0COS <2ka)/ Z

/ /
t,mn,m’n

(4.8)

< golVyrlt >< |V |a >
{| Ay + 1/25 B At 2w2/’m/(wn/7m/ — 5goa/h)3
n-,m goa

hwn/ m’ ﬁwn/ m! 5 a
cosech < 5 kb’T ) cosech (Tgo) } dwy

with all variables defined as before and A; the energy difference between the inital
state |a) and the intermediate state |t). This expression can be simplified under the
assumption that only the intermediate state |t) closest to the initial state takes part

in the relaxation process.

There are two fundamentally different two-phonon processes, distinguished by whether
the intermediate level can be populated (Orbach process), which is mostly the case
if kyTp > A4, or the intermediate level is not populated (Raman process), and the
transitions occurs via a virtual level. This process is dominant if k,Tp < A;. Tp is
the Debye temperature and wy,.. = k,T'/h the largest available phonon frequency in

the material. For non-Kramers-ions, the two-phonon Orbach process scales as

1/T; o exp {—kf—;} (4.9)

and the Raman process scales as

1Ty o< T7. (4.10)
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It is important to note that both two-phonon processes are independent of the mag-

netic field and can be distinguished using their temperature dependence.

For Kramers ions, the same processes exist. However, the dependence of the Raman

process on temperature and field is different:

1/Ty = cgT? + érHT". (4.11)

with cg, ¢g the respective proportionality constants. The Orbach process scales in
the same way as for non-Kramers ions (see Eq. [4.9).

Multi-phonon processes that include the interaction with more than two phonons can
be treated in the same way as in the derivation of the one- and two-phonon processes.
However, in this thesis, we will not consider those cases since we restrict ourselves
to applications implemented at and below liquid helium temperatures at which they

play an insignificant role.

All derivations of the different phonon processes above are based on the assump-
tion that the phonon density of states is continuous and increases with the phonon
frequency squared (Debye model). Thus, if one can modify the phonon density of
states in a material, one can directly influence phonon processes. Specifically, if one
succeeds to create gaps within the density of states at frequencies resonant with the
phonons that cause direct relaxation between levels, one can avoid the contribution

of the direct phonon process. The paper included in the next chapter discusses this
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possibility in detail.
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5. Phonon suppression in engineered

maternials

As described in the introduction, phonons are often detrimental for applications that
require spectral tailoring of REI-doped materials. In many materials, phonons shorten
the persistence time and limit the minimum spectral width of spectral features. As
a consequence, for example in case of the AFC quantum memory protocol, both the
efficiency and the storage time are affected. This chapter and the papers included
in it will describe in detail how phonon suppression can be achieved in either small

powder materials or nano-structured host materials, i.e. phononic crystals.

Since all the approaches that are mentioned in the following involve a transition from
bulk to nano-scale structures, we also investigate how material properties change if
this transition is made. Furthermore, we will identify and characterize other detri-
mental processes related to fabrication methods that can limit the application of
nano-scale materials. The latter is of great importance since nano-fabricated devices

become more and more popular in fields like optomechanics, cavity quantum electro-
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dynamics, on-chip implementation of optical devices and luminescent materials due

to the broad availability of nano-fabrication tools.

5.1. Paper 1: Modification of phonon processes in

nanostructured rare-earth-ion-doped crystals

Physical Review A, 94, 013801, 1 July 2016

5.1.1. Summary

Paper one presents a detailed investigation of how nano-materials in form of small
powders as well as nano-structured materials, i.e. phononic crystals that are designed
in a way that does not allow phonons at a certain frequency (phononic band gap),
can be used to suppress phonons that are detrimental to various applications. The
manuscript focuses on applications based on erbium-doped materials since they are
appealing due to their transitions at telecom wavelengths around 1550 nm. As an
example Er3*:Y,SiO; is discussed. Numerical simulations that compute the required
dimensions for small powder materials as well as a complete design for a phononic
crystal are presented. My contribution to this work involved co-development of the
original idea of suppressing phonons in nano-crystals. Furthermore, I performed all
numerical simulations, both on small powder materials as well as the phononic crys-
tals. The discussion of how those ideas can be applied to Er**:Y58i05 is the result of

a joint effort by the co-authors Lucile Veissier, Charles Thiel and myself.
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Abstract: Nano-structuring impurity-doped crystals affects the phonon density of
states and thereby modifies the atomic dynamics induced by interaction with phonons.
We propose the use of nano-structured materials in the form of powders or phononic
bandgap crystals to enable or improve persistent spectral hole-burning and coher-
ence for inhomogeneously broadened absorption lines in rare-earth-ion-doped crys-
tals. This is crucial for applications such as ultra-precise radio-frequency spectrum
analyzers and optical quantum memories. As an example, we discuss how phonon
engineering can enable spectral hole burning in erbium-doped materials operating in
the convenient telecommunication band, and present simulations for density of states
of nano-sized powders and phononic crystals for the case of Y5SiO5, a widely-used

material in current quantum memory research.
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5.1.2. Introduction

Rare-earth-ion-doped crystals have been studied for decades because of their unique
spectroscopic properties [I1, 2, B3] that arise since their 4 f-electrons do not participate
in chemical bonding. At cryogenic temperatures they can offer narrow linewidths
[4, 5, 6] together with the possibility to spectrally tailor their broad inhomogeneous
absorption lines [2]. These properties have led to many applications, including optical
quantum memories [7, 8, O], signal processing [10] 1], laser stabilization [12| 13| 14],
as well as ultra-precise radio frequency spectrum analyzers [I5,[16]. Quantum memory
implementations in rare-earth-ion-doped (REI-doped) crystals, such as those based
on electromagnetically-induced transparency [I7]), atomic frequency comb [I§], or
controlled reversible inhomogeneous broadening [19], crucially rely on long coherence

and spin-state lifetimes to achieve high efficiency and long storage time.

Operating REI-doped crystals at low temperatures generally improves material prop-
erties. Yet, even at temperatures below 2 K, spin-lattice relaxation, i.e. thermal-
ization of spins via interaction with phonons, still restricts lifetimes of spin states,
reducing the ability to spectrally tailor the material. Furthermore, by contributing
to spectral diffusion [20, 2I] and two-phonon elastic scattering processes [22], lattice
vibrations limit coherence times. We propose the use of nano-structured materials
to overcome these limitations. This is achieved by tailoring the phonon density of
states [23] to restrict phonon processes, an approach not limited to REI-doped ma-

terials but also applicable to other impurity-doped materials such as color centers
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in diamond [24]. The result is an improved performance for all applications based
on spectral hole burning, or that require long coherence times, by providing long-
lived spin states while simultaneously suppressing phonon-driven decoherence. We
note that the modification of population dynamics between REI crystal field levels
in small powders, possibly related to phonon restriction, has been observed in the
context of understanding luminescence dynamics [25, 26] - but not yet to improve

spectral hole burning or optical coherence properties.

In this paper, we propose a general procedure to identify the frequency range of detri-
mental lattice vibrations and restrict the relevant phonon processes in impurity-doped
solids. As an example, we apply this approach to erbium-doped materials. First, we
recall the mechanisms causing detrimental electronic spin flips and discuss how the
suppression of the direct phonon process influences spin-state lifetimes and spectral
diffusion. Then, two methods for nano-structuring REI-doped crystals to suppress
the direct phonon process affecting electronic spin states in Er3*:Y,SiOj are analyzed:
powder materials, which introduce a cutoff frequency in the phonon density of states,
and phononic band gap crystals with a structure optimized for the targeted material

and application. Numerical simulations for Er3*:Y,SiOs are presented.

Relaxation of optically pumped spin populations back to thermal equilibrium by
spin flips is caused by phonons primarily via three different processes [27), 28]: the
direct process where phonons resonant with the spin transition induce a spin flip, the

Orbach process where two resonant phonons produce a spin flip via excitation to, and
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relaxation from, excited crystal field levels, and the off-resonant Raman process where
two phonons lead to a spin flip via inelastic scattering. Levels involved in spectral
hole burning, typically hyperfine or Zeeman levels, are mostly separated by MHz to
GHz. The rates of phonon processes are proportional to the phonon density of states
in the material as discussed in [27]. Interestingly, the Debye approximation for the
density of states

plw) o< Vw? (5.1)

with V the volume of the particle and w the frequency, breaks down for small struc-
tures. In this regime, the density of states becomes discrete [29] and acquires a cutoff
frequency below which no vibrational modes are possible and thus no phonons can
exist [23]. We predict that an ensemble of sufficiently small REI-doped crystals, or
an appropriate REI phononic band gap material, will allow suppression of the direct

phonon process responsible for relaxation between the spin states.

5.1.3. Phonon restriction in Er:Y,SiO;

As an example, we consider extending lifetimes of the ground-state Zeeman lev-
els for persistent spectral hole burning and reducing spectral diffusion in erbium-
doped crystals, particularly appealing for quantum memory applications due to the
452 ¢3* I130 transition of Er*" ions around 1530 nm and long coherence times.
Three important cases are Er®*:Y,SiOs, for which optical coherence lifetimes of up to

4.4 ms have been observed [30], Er®":LiNbOs3, exhibiting a large oscillator strength ac-
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Figure 5.1.: Magnetic field dependence of the spin-flip rate. As described by Equation
5.2 the total rate R (solid red line) is composed of a constant term Ry
(dotted blue line), a spin flip-flop term (green dashed line) and a direct
phonon term (orange dash-dotted line), dominant above 1 T. We assume
T=3K,g=14, Ry =0.1 kHz, ap = 5 x 107* kHz/T® and ag = 2 kHz.

companied by a very broad inhomogenous linewidth [31], and Er*":KTiOPO,, which
has shown narrow homogeneous linewidths down to 1.6 kHz [32]. All Er-doped crys-
tals so far eluded efficient quantum-state storage [33], 34, 35, [31] since no efficient
persistent hole burning involving electronic Zeeman levels [36] has been achieved.
The only material that has shown long spin-state lifetimes is an Er-doped glass fiber
[37], in which disorder broadens the spin transition and effectively weakens the cou-
pling between Er?* ions. This reduces the relaxation rate at low magnetic field.
Introducing controlled disorder in crystals is potentially an alternative approach to
improve spin lifetimes however, disorder can be extremely detrimental for the coher-
ence properties, as it is the case in impurity-doped glasses. Indeed, the latter are
restricted in their applications since coherence times are intrinsically limited to a few
us or less by low frequency disorder mode dynamics that are present in any amor-

phous material [38]. The goal of our study is to propose a method to simultaneously
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achieve long coherence and spin lifetimes, which excludes, e.g., Er-doped fibers - at

least given current knowledge.

Phonons can limit the lifetime of persistent spectral holes, but other processes can also
contribute, for example paramagnetic interactions of REI with neighbouring ions or
with other impurities in the host. For erbium-doped materials such as Er®*:Y,SiOs,
Er*t:LiNbO; or Er’t:KTiOPQy, the total spin-flip rate at temperatures below 4 K

can be approximated by [20] 3], 32]

_ 4 2 (9B
R(B,T) = Ry + ag g" sech (—2kT )

QMBB)

35
B® coth
+apyg co ( kT

The second term represents the average rate of mutual spin flip-flops, i.e. exchange
of spin states between two Er ions, with ag a constant, g the g-factor of the ions, ug
the Bohr magneton and k£ the Boltzmann constant. The last term corresponds to the
direct phonon process and is proportional to BT for gupB < 2kT, where the pa-
rameter ap characterizes the strength of the phonon coupling [27]. The constant R,
includes all residual relaxation processes. The Raman and Orbach rates are not con-
sidered here since they are strongly suppressed at low temperature [28], particularly
when the crystal-field splitting is much larger than k7" as is the case for the materials
considered here. The magnetic field dependence of the spin-lattice relaxation is illus-
trated in Figure [5.1} which shows the total rate and its different components. Values

of the parameters vary for the three materials cited above. The R, term is negligible
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Figure 5.2.: Effect of the direct phonon process suppression on the effective homo-
geneous linewidth. As described by Equation [5.4] T'eg after t = 10 s is
shown as a function of the magnetic field strength in the presence (blue
dashed line) and in the absence (red solid line) of the direct phonon pro-
cess. We assume the same parameters as in Fig. and, in addition,
Fhax = 5 x 1019 Hz, Ty = 10 kHz.

in Er:LiNbOj3 [31], whereas the spin flip-flop rate is very small for Er:Y,SiO5 [20].
Er:KTiOPO,4 has unusually small Ry and weak spin flip-flop process, so that only the
direct phonon process significantly contributes to the field-dependent spectral diffu-
sion, even at low field strengths [32]. However, in all cases the direct phonon process

becomes dominant for magnetic field strengths of 1 T and higher.

From the above discussion, the optimum operating point would seem to be at mag-
netic fields below 0.5 T; however, to reduce spectral diffusion and improve coherence
properties, erbium-ion-doped-crystals often require magnetic fields of a few Tesla. It
has been shown that the maximum linewidth due to spectral diffusion can be de-

scribed by [20]

B
FSD(Ba T) = Fmax SeCh2 (gngT ) ) (53>
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with ['.x the full-width at half-maximum frequency broadening caused by magnetic
dipole-dipole interactions between Er ions. One can see that I'sp decreases with
magnetic field and spectral diffusion can thus be suppressed at high fields due to the
increased magnetic order in the system. This leads to narrow homogeneous linewidths
at high fields. However, high fields lead to increased spin-lattice relaxation (see Figure
. In addition to being detrimental to persistent spectral hole burning, this results
in faster broadening of the spectral line to its maximum value, as shown in the effective

linewidth after a time delay t [20]

1
Leg(t) = Ty + 5Lsp (1—e"), (5.4)

with Iy the homogeneous linewidth without spectral diffusion. Therefore, removing
the direct phonon process will not only improve persistent spectral hole burning, but

also inhibit spectral diffusion, especially at magnetic fields around 1 T (see Figure.

We now identify the range of frequencies at which phonons must be suppressed. In our
example of erbium-doped materials, the goal is to eliminate phonons below the fre-
quency corresponding to the maximum Zeeman splitting under an external magnetic
field of around 1 T. In Er**:Y,SiO5 the g-factor along the b-axis is 13.6 [39], leading
to a splitting of 190 GHz/T. As we will describe next, inhibiting phonons at such
high frequency requires small structures. For other types of paramagnetic centers or
nuclear hyperfine states, the energy splitting of the spin states is usually smaller, so

that larger structures can inhibit the detrimental phonon processes. Furthermore, it
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is possible to suppress phonons resonant with transitions between crystal-field levels,
depending on the energy level splitting. In consequence, two-phonon processes such
as Raman or Orbach processes can be suppressed. This would also lead to improved
coherence lifetimes for materials in which two-phonon elastic scattering is responsible
for dephasing [22]. More generally, suppressing phonons will enable to increase the
range of working temperatures for all impurity-doped materials that have properties

limited by phonon processes.

5.1.3.1. Restriction in small powder materials

We first discuss the case of small crystals. To suppress phonon processes we use the

fact that the density of states of a particle features a cutoff at

c
Vmin = Mmin—, 5.5

Thmin— (5.5)

with ¢ the sound velocity, d the diameter of the crystal, and 7,,,, a numerical constant
that is 2.05 for a spherical particle [40]. Below this cutoff no phonons are allowed.
In the region above the cutoff, the phonon density of states exhibits gaps before it

transitions into a continuous function described by Equation [5.1]
To simulate the phonon density of states for a spherical particle, the eigenmodes must

first be calculated. They can be separated into spheroidal-transverse, spheroidal-

longitudinal, and torsional modes. The characteristic equations needed to calculate
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Figure 5.3.: Simulated phonon density of states in a Y5SiO5 nanoparticle with a di-
ameter of 12 nm. Each eigenmode of the spherical particle is represented
by a Lorentzian with a width of 1 GHz.

their frequencies have been described in a quantized form by Takagahara [41]. Each
eigenmode is identified using three quantum numbers: the radial quantum number
j, the angular momentum [, and o, which specifies the type of mode. Using those

eigenmodes, the phonon density of states can be written as [42]

o) = S+ 1) g (- )+ 5

j7l7o—

(5.6)

Each eigenmode is 2[ + 1 times degenerate. We assume that the density of states is
composed of Lorentzian shaped lines at the frequency of the respective eigenmode
wy; and linewidth Aw. In the work of Meltzer and Hong [42], the Lorentzian width
was assumed to increase with the frequency squared, an empirical assumption that
described their particular experimental data adequately. However, since there is no
theoretical framework to support that assumption, the width is assumed to be con-

stant here.

In the case of Er3*:Y,SiO5 around 1 T, we estimated from Eq. that nanoparticles
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of 12 nm diameter are suitable to suppress the direct phonon process. The phonon
density of states for a Y5SiO5 nanoparticle of 12 nm diameter, calculated according
to Equation [5.6] is shown in Figure [5.3l Phonon processes at frequencies below 200
GHz are fully restricted. This assumes that there is no phonon propagation between
the particles. Simulating the effect of touching particles on phonon propagation is
not trivial and subject further theoretical and experimental research. However, for a
lightly packed powder immersed in cold helium gas we expect properties approaching
those of single, isolated particles. Note that particles separated by electrostatic in-
teraction can be obtained by coating the powder with the appropriate surfactant or

by specific syntheses [43].

In powders, averaging of anisotropic properties over the random distribution of crys-
tallite orientations generally causes issues in applications such as quantum memories
and spectroscopy. However, if the material has a dielectric or magnetic anisotropy,
the crystals can be preferentially oriented using external fields [44] [45]. This allows
the control of parameters, such as Zeeman splittings and the direction of the ion’s
transition dipole moment. Scattering of laser light by powder samples can be reduced
or even eliminated if the size of the crystals is smaller than the wavelength of the in-
teracting light, since the powder can be treated as a bulk material with an effective

(average) refractive index.

Crystal powders can be produced using several approaches and spectroscopic prop-

erties comparable to bulk crystals have been observed in some cases [46]. A thor-
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ough review of different growth methods can be found in [47] and references therein.
Growing nano/microcrystals has the advantage of being relatively inexpensive. An
alternative way to produce nanocrystals is to grind a bulk crystal into powder using
techniques such as ball milling. With this approach, sizes on the order of 10 nm are
achievable by using very small grinding balls [48] [49]. However, reducing dimensions
below around 10 nm may result in additional (detrimental) decoherence [50, 42] and

lifetime limiting effects [51].

5.1.3.2. Restriction in phononic crystals

A second possibility to avoid detrimental phonons is to create a phononic band gap
material [52] 53], [54] engineered to produce a gap in the density of states around the
undesired frequencies. Such structures are employed in the field of optomechanics
[55, 56], and are also used for thermal phonon engineering i.e. for thermal metamate-
rials and thermocrystals [57]. By changing the geometry and overall size of phononic
crystal structures, it is possible to optimize the band gaps for a specific application

[53).

Phononic crystal materials have the advantage of employing an oriented single crys-
tal. In addition, the problem of contact between nanoparticles would be avoided.
The fabrication of phononic band gap materials has already been explored for mate-
rials such as silicon or gallium arsenide [60] and phononic structures with a bandgap

at 33 GHz and dimensions around 100 nm have been demonstrated [61]. To create
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Figure 5.4.: (a) Unit cell of the proposed phononic crystal structure. The radius of
the island is 9.5 nm, the width of the arms is 5 nm, and their length 5
nm. This structure is 7 nm thick. (b) Band structure of the phononic
crystal in (a). The band gap (shaded grey) around the center frequency
of 178 GHz is clearly visible. (c) Reciprocal lattice [59] showing the points
traversed in the band structure.

phononic crystal structures in currently-used host materials such as Y5SiO5, Y3Al;015
or LiNbQg, thin films of those materials would be a prerequisite. Thin films of LiNbO3
are commercially available and there have been demonstrations of thin single-crystal
film fabrication for other REI host materials [62] [63]. Finally, structuring these mate-

rials with nanometer precision has been shown to be feasible using focused ion beam

milling [64], 65].

To illustrate this approach for our example of Er:YSiO, we designed and optimized a
phononic structure using finite element simulations (COMSOL). The structure is in-
spired by designs of Safavi-Naeini et al.[66]. We engineered our structure such that it

produces a band gap around 178 GHz with a width of 3.5 GHz. Figure shows the
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proposed geometry of the phononic crystal unit cell together with its band structure.
Even though it is still challenging, the rapid progress in the field of nano-fabrication
together with the discovery of helium focused ion beam milling allows structures with
these dimensions to be fabricated out of a thin film [67, 68]. Through additional
etching it is possible to remove part of the substrate below the phononic crystal such
that the structure suspended and only connected to the substrate at its borders. This

ensures complete phonon suppression.

5.1.4. Conclusion

In summary, we propose to restrict phonon processes in REI-doped materials through
nano-tailoring in order to improve persistent spectral hole burning and reduce spectral
diffusion. We briefly discussed two methods towards this end — the use of nano-crystals
and engineered phononic band gap structures — and described how our concept can
be applied to well-studied Er-doped crystals. In turn, this would allow realizing opti-
cal quantum memories operating at convenient telecommunication wavelengths and
increase the performance of other applications that are based on persistent spectral

hole burning or that rely on narrow homogeneous line widths.
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5.2. Powder fabrication methods

All the experimental work towards the restriction of phonons in REI-doped materials
that is presented here has been performed on powder materials. This section will de-
scribe approaches that can be used to fabricate these powders. Since the main focus
of this thesis is on the understanding and modification of spectroscopic properties
of structured materials, the following is meant to provide a working understanding
of the different methods rather than an in-depth knowledge of the involved chemical

processes. The references to the specific methods used can be found in the respective

papers (sections [5.3] and [5.4)).

5.2.1. Mechanical processing

Powders can be fabricated using the so-called top-down approach through various
crushing techniques. In most cases, the original bulk crystal is pre-crushed with a
mortar and pestle or a jaw-crusher. The size of the crystallites can then be further
reduced down to the nanometer range using various types of ball mills such as high-
energy planetary mills or low-energy tumbling mills as described in chapters and
(.4 The container of a ball mill is usually filled with spheres made from a material
that is much harder than the powder to be crushed, e.g. zirconia or aluminum oxide,
the pre-crushed powder itself, and a solvent such as ethanol or water. The impacts
between the powder and the balls then reduce the powder’s size; the final size can

reach a few nanometers and depends on the balls that are used and the milling time.
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This kind of mechanical processing usually creates a large amount of crystal strain
and defects due to the high-energy impacts. This is true even for low-energy tumbling
mills. Therefore, in many cases it is favorable to fabricate powders using chemical

syntheses as described in the following.

5.2.2. Chemical synthesis

Fabricating powders using a bottom-up approach, i.e. via chemical synthesis, is ap-
pealing since it promises avoiding detrimental strain and defects that are inevitably
caused by mechanical processing. Furthermore, using chemical synthesis makes the
need for a good-quality bulk crystal, which is only available for a relatively small sub-
set of materials, obsolete. Often, there are many different ways to synthesize a given
material. Powders mentioned in this thesis were fabricated using sol-gel synthesis,
coprecipitation or solid-state synthesis. Each of these techniques is briefly described

hereafter:

Sol-gel synthesis: Sol-gel synthesis is a very versatile and relatively simple way
to produce powders. Most of the synthesized powders mentioned in the subsequent
papers (chapters , and were created using this method. The name of the
process ”sol-gel” partially describes the method. First, various precursors are put into
solution (sol) in which the individual particles are suspended by Brownian motion.
Note that the desired REI impurities are also introduced in this step, and since they

also dissolve, they are distributed in a uniform way in the resulting powder. Then,
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the various solutions are mixed together, and after time, a gel containing a liquid and
a solid phase of either discrete particles or polymer networks is formed. In case of
host materials such as Y3Al;015 (YAG) , Y3SiO5 and LiNbOs, the different metal
centers are cross-linked during the formation of the gel and the solid state structure
evolves at an atomic level [55].

During the mixing of the solutions, various surfactants can be introduced to partially
control the powder size and morphology after calcination, as described in paper [5.3
However, due to the high calcination temperatures required for our host materials, no
surfactant was found to be able to produce non-agglomerated, small particles. After
the gel has formed, it is usually dried, i.e. all solvents are evaporated. We found that
the drying step can be critical for the morphology of the powder that is obtained after
calcination. In most cases, fast drying at elevated temperatures between 80 and 100 C
produced dense, strongly agglomerated powders. Freeze-drying at cold temperatures
below -40 C and under vacuum produced less agglomeration.

During the calcination step the individual crystal grains grow and the bulk crystal
strucutre forms. Different materials have different calcination temperatures. All ma-
terials mentioned in this thesis were calcined around 1000 C. Lower calcination tem-
peratures favor smaller particles but usually produce poorer crystal quality in terms
of residual strain and lattice defects. Higher temperatures create larger particles with
generally better crystal quality. The detailed reactions for the different materials
mentioned in this thesis are all different and can be found in the corresponding refer-
ences listed in the respective papers. As an example, we synthesized Y3Al;015 using

the sol-gel method. As precursors, yttrium oxide powder and aluminum oxide were
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used, both of which were dissolved in water. At calcination temperatures > 900 C

the desired Y3Al;015 is formed [50]
3Y203 -+ 5A1203 — 2Y3A15012. (57)

Note that depending on the specific calcination temperature, different, unwanted,

crystal phases such as YALO3 may be created.

3Y,04+5A1,0,
Metal v
Alkoxide
Solution Hydroysis | 2Y3AlsO12 Gelling Eveporation | AMnealing
Polymerization . .
3Y,0, I
e oo °
5A1,05 et

Figure 5.5.: Flow diagram of the sol-gel synthesis used to produce YAG powders. For
a detailed description see main text.

Y3A|5012 Powder

Coprecipitation: Coprecipitation is another wet chemistry method to synthesize
powder materials; it is similar to the sol-gel method in many ways. As for the sol-gel
method, the precursors are put in solution and mixed together. For coprecipitation
this solution is usually acidic. However, as opposed to the sol-gel method, there is no
formation of a solid phase at this step. Precipitation, the process during which the
desired material forms from the dissolved precursors and then sinks to the bottom
of the solution is usually induced by the slow addition of a base. Following the
precipitation, the precipitate is washed to remove all solvents and other undesired
chemicals that are still in the solution. The washing is carried out by repeatedly

adding a solvent, e.g. water or ethanol, and then removeing it again through filtration
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or centrifugation. After after each washing step a secondary solvent such as ethanol or
water is added. After the final filtration/centrifugation step the precipitate is dried.
Again, as for the sol-gel method, the detailed way this step is carried out influences
the final powder’s morphology and agglomeration. Finally, the powder formation is

concluded by a calcination step.

Base
Washing Annealing
Soglr;:SeOIrn:Le.rri]als e .....‘:-. . E Drying Precursor —_— Powder
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Figure 5.6.: Schematic of a typical coprecipitation synthesis. The target material
forms in the solution of source materials after addition of a base.
Solid-state synthesis: Solid-state synthesis is a method that is even simpler to
perform than the wet chemistry methods mentioned above. Here the precursors are
present in form of solids. In order to facilitate reaction between the precursors, they
are usually ground into very small powders using a mortar and pestle or even mixed
together in ball mills. This grinding and mixing creates large areas of contact at

which the desired reaction and the formation of the new material can take place.

At the interface between two different precursors, the two materials can diffuse into
each other, react and thereby form a layer of the desired material. The efficiency of

the process is determined by the efficiency of this diffusion process. The latter can
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be enhanced by increasing the sample temperature or by using materials that de-
compose easily during reaction. Common precursors are nitrates or carbonates [57].
Sometimes the reaction between the precursors is accelerated by adding fuel such
as urea [58], a process then referred-to as combustion synthesis. The rate at which
the final material is formed can also be enhanced by selecting precursors that have
similar crystal structure as the outcome. As in the other synthesis approaches, the
resulting particle size and crystal quality is dependent on the temperature at which

the solid-state reaction is carried out.

As an example, we employed solid-state synthesis to fabricate LiNbO3 powders (see
paper[5.4). As precursors, lithium carbonate (Li;CO3) and niobium pentoxide (Nb,Oj)
were used and mixed together using a mortar and pestle. During the calcination

(mostly below 800 C) LiNbOj3 forms through the following reaction:

Due to its piezoelectric effect LiNbOj3 is a very widely used material and thus many
routes to synthesize it are known. In general, however, due to the high reactivity of
lithium and possible out-diffusion of oxygen at high temperatures it is challenging to

perform these reactions. The specific details are mentioned in paper [5.4]
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Mixing through

Li,CO3+Nb,O5 TCO
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Li,CO;  Nb,Os
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Figure 5.7.: Schematic illustrating the process of combustion synthesis with the ex-
ample of LiNbO3. The process is desribed in detail in the main text.

5.3. Paper 2: Effects of fabrication methods on spin
relaxation and crystallite quality in rare-earth-ion
doped powders studied using spectral hole

burning

Science and Technology of Advanced Materials, 17, 63, 16 Mar 2016

5.3.1. Summary

In Paper 2, we study the change of population lifetimes of nuclear spin states during
the transition from a high-quality bulk Y3Al;015 crystals to nano powders. Since our
ultimate goal was to extend population lifetimes through phonon restriction, it was
important to ensure that the fabrication of nano powders does not introduce detri-
mental effects that prevent one from observing the desired improvement of properties.

We employed spectral hole burning as a method to quantify the properties of each
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powder. The results showed that spectral hole burning is more sensitive in detecting

certain crystal imperfections than techniques like X-ray diffraction.

Powders with various sizes were fabricated from the same bulk material using me-
chanical processing, i.e. crushing using a mortar and pestle and ball mills. Despite
the assumption that the lifetimes of nuclear spin states would be rather insensitive
to the crystal environment, it was discovered that population lifetimes decrease when
the sizes of the powders were reduced, regardless of the specific method. In the
manuscript we also investigate to what degree thermal annealing can restore bulk
properties and show that in some cases where only limited processing is performed,
the original properties can be achieved through annealing. However, for the smallest
powders, as required to suppress phonons, this was not possible and residual crystal

strain and induced defects decrease population lifetimes by orders of magnitude.

Together with the co-author Lucile Veissier, I performed all experiments that were
required to obtain the data and conclusions listed in the paper. The experiments were
performed in the laboratory of Charles Thiel and Rufus Cone. I analyzed most of the

experimental data and wrote the initial draft of the manuscript.
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Effects of fabrication methods on spin relaxation and crystallite quality
in Tm-doped Y,Al;0,, powders studied using spectral hole burning
Thomas Lutz', Lucile Veissier!, Charles W. Thiel?, Philip J. T. Woodburn 2, Rufus
L. Cone?, Paul E. Barclay' and Wolfgang Tittel!

Lnstitute for Quantum Science and Technology, and Department of Physics &
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Abstract: High-quality rare-earth-ion (REI) doped materials are a prerequisite for
many applications such as quantum memories, ultra-high-resolution optical spectrum
analyzers and information processing. Compared to bulk materials, REI doped pow-
ders offer low-cost fabrication and a greater range of accessible material systems. Here
we show that crystal properties, such as nuclear spin lifetime, are strongly affected by
mechanical treatment, and that spectral hole burning can serve as a sensitive method
to characterize the quality of REI doped powders. We focus on the specific case of
thulium doped Y3Al;015 (Tm:YAG). Different methods for obtaining the powders
are compared and the influence of annealing on the spectroscopic quality of powders
is investigated on a few examples. We conclude that annealing can reverse some
detrimental effects of powder fabrication and, in certain cases, the properties of the

bulk material can be reached. Our results may be applicable to other impurities and
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other crystals, including color centers in nano-structured diamond.

5.3.2. Introduction

Rare-earth-ion (REI) doped bulk crystals cooled to cryogenic temperatures are used
for a multitude of applications. Examples are quantum memories [I], quantum in-
formation processing [2], and ultra-high-resolution optical spectrum analyzers [3]. In
contrast to REI doped bulk materials, powders offer low cost and rapid prototyping.
Furthermore, the understanding of powders constitutes a first step towards nanofab-
rication of devices from these materials [4, [5, [6 [7]. However, despite much effort
[8, 9, 10}, 11], producing monodisperse powders with properties comparable to those
of bulk materials remains challenging.

Fabrication or manipulation of REI doped powders can induce stress, especially dur-
ing grinding or milling, that creates strain in the crystal lattice [12] 13]. In addition,
impurities can contaminate the host matrix during synthesis. Strain and impurities
often significantly impact the performance of the powders in both signal processing
and more general luminescence applications. The goal of this work is to study REI
doped powders at temperatures near 1.6 K and improve their properties to reach
those of bulk materials. Towards that goal, we compared properties of powders that
were synthesized chemically or milled down from larger crystals using either high-
energy planetary ball mills or low-energy tumbling mills. We used scanning electron
microscope (SEM) to determine the shape and size of the particles, x-ray diffraction

(XRD) to analyze the composition and phase of the crystalline structure, and we
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employed sensitive spectral hole burning (SHB) methods to probe variations in the
optical decoherence dynamics, deduced from the spectral hole width, and the '%*Tm
nuclear spin relaxation dynamics, deduced from the spectral hole lifetime. We find
that induced damage and strain in the crystal lattice, which does not affect XRD or
SEM measurements, can produce large variations in the measured low-temperature
dynamics of the powders that are observed using SHB techniques. Thus, SHB can
serve as a quantitative characterization tool, complementing traditional techniques
such as XRD, SEM or Raman scattering. Our results also demonstrate that me-
chanical and thermal treatment of REI doped crystals influences properties, such as
the lifetime of nuclear spins, in a surprisingly strong way. Consequently, SHB is a
well-suited technique to reveal the presence of residual damage in powders due to
fabrication and to evaluate the effectiveness of methods used to reduce strain and

improve material quality, such as thermal annealing.

5.3.3. Experiment

5.3.3.1. Tm:YAG

Our investigations employ crystalline Y3Al;015 doped with thulium impurities (Tm:YAG),
whose relevant electronic level structure is shown in Figure Under an external
magnetic field, both the 3Hg ground state and the 3H, excited state split into two
non-degenerate states through the hyperfine interaction with the *Tm nuclear spin
(I = 1/2), allowing persistent atomic population storage with lifetimes as long as

hours in bulk crystals at liquid helium temperatures through optical pumping of the
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Figure 5.8.: a) Level structure of Tm:YAG without and with an applied magnetic

field. b) Hole burning spectrum of the 1% Tm:YAG bulk crystal together
with a fit (red line).

nuclear spin states.

The 20 GHz wide inhomogeneously broadened line of the 3Hg <+ 3H, transition in
Tm:YAG is centered at 793.156 nm [14]. The samples were mounted in an Oxford
Instruments Spectromag cryostat and all powders were held in unsealed glass cuvettes.
All samples were 0.5 mm thick, and, for the nominal Tm concentration of 1%, featured
an optical depth of ~1. This allowed for direct transmission detection of spectral holes
while keeping optical scattering at an acceptable level. To prevent scattered light from
reaching the detector, the cuvette was placed inside a copper box with two pinholes
to allow light to enter and exit. For all measurements, the samples were cooled in

helium vapor to 1.6 K and the applied magnetic field was set to 1 T.

5.3.3.2. Spectral hole burning

To assess the quality of different powders, we used persistent spectral holes. We
extracted the lifetime of the spin states from the hole decay, and the magnitude of
optical decoherence from the width of the hole [15]. As we describe later, we found

that both quantities strongly depend on the crystal quality in terms of strain as well
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as impurities. In this approach, a spectral hole is burnt into the inhomogeneously
broadened absorption line by using a laser to optically pump population between the
nuclear spin states. After a certain waiting time, the absorption line is scanned using
a tunable laser and the area of the spectral hole is measured. From the exponential
decay of the hole area with waiting time, the spin lifetime is extracted. Note that the
width of the spectral hole ideally corresponds to twice the homogeneous linewidth;
however, the measured width is generally larger due to laser frequency jitter, spectral
diffusion, and power broadening.

We used a Coherent 899-21 Ti:sapphire laser emitting at a wavelength of 793.38 nm
and with a linewidth of less than 1 MHz. For the bulk single crystal measurement
that served as a reference for the best material properties, the laser power was set
to 5 uW. For the powder samples, more power was necessary to overcome loss due
to scattering and achieve a sufficiently high signal-to-noise ratio. Otherwise, the
experimental conditions were kept the same for all materials. The burn and read
pulses were generated from the CW laser beam using two acousto-optic modulators
(AOMs) in series. This arrangement gave an extinction ratio of >90 dB, ensuring
that no unintentionally leaked light reached the sample. During the reading pulse,
the laser sweep was implemented using a double-passed AOM scanned in frequency.

A New Focus model 2051 photo-receiver was used to detect the transmitted light.

5.3.3.3. Bulk single crystal reference

First, as a reference against which we compare the properties of our Tm:YAG powders

(the different methods used to create these powders are described below), we assessed
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the properties of a 1% doped Tm:YAG crystal from Scientific Materials Corporation
(SMC) (growth number 3-8). The crystal is 0.5 cm thick and features an optical depth
of about 0.5. Depending on the crystal orientation, we found spin lifetimes between 5
and 16 hours [16]. Furthermore, as shown in Figure b), the observed spectral hole
width was limited to 6 MHz — much wider than the intrinsic kHz-wide homogeneous
linewidth of Tm:YAG [I7] under these conditions —primarily due to power broadening
effects. The figure also shows clear side holes, split by 10 MHz/T and caused by super-
hyperfine coupling between the thulium ions and the nuclear spin of the 27Al present
in the host matrix [15, I§]. Because powders are composed of randomly oriented
crystallites, measurements of powders probe all possible orientations at once and we

expect to observe lifetimes that span the range of those observed in the bulk material.

5.3.4. Results

In the following, we study the impact of fabrication and annealing methods on nuclear
spin lifetimes T, as well as on hole linewidths I'. Due to the strong scattering caused
by the powders, higher laser power was required for these measurements, leading to
additional power broadening. As a consequence, hole linewidths were measurable
only down to approximately 10 MHz. A summary of the properties of all investigated
materials is shown in Table 5.1l

In addition, we performed SEM imaging and powder XRD analysis to further char-
acterize each sample. Example powder XRD spectra are shown in Figure for a

selected subset of our samples. The spectra were obtained with a Scintag Inc X-1, Ad-
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Material size r T,
[um] | [MHz] | [min]
SMC Bulk 6 300-960
SMC thermal crushing: 500 | <10 60
annealed: 500 | <10 420
SMC low energy BM™: <0.1| 286 20
annealed: <1 17.2 60
Crytur: 30-50 | <10 60
annealed: 30-50 | <10 60
Crytur low energy BM: | < 0.1 23 15
annealed: <1 < 10 20
Crytur high energy BM: | < 2 <10 10
Chemical synthesis: <0.1| 26.6 2

Table 5.1.: Hole widths (I') (bold fonts indicate visible side holes), and lifetimes (T,)
of all measured materials at 1.6 K and B = 1 T. *ball milled

vanced Diffraction System. We find that all the analyzed samples formed the expected
crystalline structure of YAG. Small deviations from the reference spectrum (JCPDS
# 30-0040) can be observed for some samples. Differences in peak heights can be
assigned mostly to sample preparation issues, while additional peaks correspond to

the presence of residual amounts of impurity phases [19].

5.3.4.1. Crushing and ball milling

Our first approach to obtain small powders was “top-down” fabrication starting from
a 1% doped Tm:YAG bulk single crystal originating from the same growth as the one
studied above. To pre-crush the crystal, we heated the bulk crystal to ~ 500 "C and
then immersed the hot crystal in water (21 "C) to thermally shock the crystal, causing
it to crack into millimeter and larger sized pieces. This procedure was repeated
on all pieces with sizes greater than =~ 5 mm until all were in the few millimeter

or smaller size range. We then ground the small pieces in a mortar and pestle to
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Figure 5.9.: XRD spectra of selected powders together with the reference spectrum
(JCPDS # 30-0040) of YAG. a) Chemical synthesis, b) Crytur non-
annealed, ¢) SMC low energy ball milled, d) SMC low energy ball milled
and annealed.

produce a powder composed of crystallites with sizes of less than 0.5 mm. With
spectral hole burning spectroscopy, we measured a hole width of < 10 MHz, limited
by power broadening. Side holes due to superhyperfine coupling with 27Al nuclear
spins were still resolvable, as in the bulk material. The spin lifetime was on the order
of 1 hour — significantly shorter than the values obtained in the bulk material at
the same temperature and magnetic field. Since this powder originated from a bulk
crystal whose properties were well characterized, and was composed of relatively large
particles of ~ 0.5 mm size that had been ground only for a short time, it is unlikely

that any change in chemical composition or in-diffusion of impurities could have
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occurred (as might be a factor for much smaller particles when processed using high-
energy methods). The only explanation for the significant reduction in lifetime was
residual strain induced in the crystallites due to the thermal shocking and grinding
used to produce the powder.

With the < 0.5 mm sized crushed powder as a starting material, we produced a
smaller powder using a low-speed tumbling mill. The Tm:YAG powder was dispersed
in ethanol and milled for 48 hours using a mix of zirconia balls with sizes ranging
from 1 mm to 1 cm. Figure a) shows an SEM image of the obtained powder.
The average size of the irregular particles was below 100 nm. The XRD spectrum,
shown in Figure ¢), displays the expected YAG structure with no observable peak
broadening or amorphous background. A spectral hole burning trace, shown in Fig-
ure c), revealed a hole width of 28.6 MHz. The hole was about 5 times larger
than that observed in the bulk, which could not solely be attributed to additional
power broadening and reveals a significant difference in the material not detectable
from our XRD measurement. No sideholes were visible, which was expected since
their splitting (10 MHz at B = 1 T) is less than the spectral hole width. Moreover,
we found a further reduction of the spin lifetime to 20 minutes. Overall, as opposed
to the XRD analysis, the SHB results suggest that a significant amount of damage

(strain) was induced in the crystallites during the 2 days of milling.

The surprisingly strong effect of mechanical strain on coherence and spin relaxation
dynamics may be understood within the framework of the two-level system (TLS)

model first developed to describe dynamic disorder modes in amorphous materials
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[20, 21]. These very low-frequency modes are enabled by the disordered structure and
involve groups of atoms tunneling between local configurations with nearly equiva-
lent energies. It has been proposed that low densities of TLS may also be enabled in
crystalline materials by large inhomogeneous lattice strains [22], and optical decoher-
ence of rare-earth ions due to interactions with TLS has been observed in both bulk
crystals [23] 24] and powders [25]. Furthermore, it is known that TLS can also be
effective in causing rapid electron and nuclear spin relaxation [26], 27, 28]. Here, both
the increase in spectral hole widths and the decrease in nuclear spin lifetimes that we
observe in powders are likely to result from the creation of TLS from strain induced
during the mechanical fabrication process. This interpretation is also consistent with
past observations of increased electronic spin-lattice relaxation rates of Nd** doped

into bulk YAG crystals with greater densities of structural defects in the lattice [29].

5.3.4.2. Effects of annealing

Next, we investigated to what degree annealing of the powders can repair the induced
damage. After we confirmed that low annealing temperatures around 600 'C were
unable to improve material properties, and since higher temperatures generally lead
to better properties [30], we annealed both the 0.5 mm and the 100 nm powders at
our highest accessible temperature of 1400 'C. The annealing was performed for 4
hours in an oxygen atmosphere (using a tube furnace) to minimize the outdiffusion
of oxygen from the YAG matrix. The 0.5 mm annealed crystals appeared unchanged
under the SEM. The spin-state lifetime improved significantly to 7 hours and became

comparable to that extracted from measurements on the bulk. This suggests that
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annealing can mostly repair the damages induced by stress during the grinding via
mortar and pestle.

The SEM image of the annealed 100 nm powder, shown in Figure b), reveals that
the size of the particles increased to around 1 pm. The particles were almost spherical,
with close to uniform size distribution, and appeared to be agglomerated. Compared
to the same powder before annealing (panel a)) this is a major improvement. The
XRD spectrum, shown in Figure d), shows no significant change compared to the
non-annealed powder. The signal-to-noise ratio in this spectrum is better than the
one in the spectrum for the non-annealed powder since more material was available
for analysis. This indicates that, in contrary to the SHB measurement, the current
XRD analysis is not sensitive enough to detect the changes caused by annealing
for this powder. Indeed, the hole burning spectrum in Figure d) shows a hole
width of 17.2 MHz, which is 30% smaller than the value measured before annealing.
Furthermore, the spin lifetime increased by a factor of three to 1 hour. Hence, our
method of annealing also improved the properties of the ball-milled powder, but it
was not sufficient to completely re-establish the properties of the bulk. We anticipate
that optimized annealing procedures, in particular involving temperatures closer to

the melting point, will lead to further improvements.

5.3.4.3. Comparison of high- and low-energy ball-milling methods

The above results indicated that the grinding methods used here, namely mortar and
pestle and ball-milling, caused damage to the host material. To better understand

this surprisingly large effect, and to determine the degree to which damage can be
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repaired through annealing, we continued studying ball-milling methods starting with
a powder from a commercial supplier (Crytur). The powder was created from outer
fragments of a large crystal, grown from 99.999% pure starting materials using the
Czochralski method. Those fragments were then pre-crushed using a mechanical jaw
crusher and finally milled down to a size of 30-50 pum in a tumbling mill. The resulting
powder was cleaned using mineral acids.

First, we characterized the “as purchased” micrometer-sized Crytur powder using
SEM, XRD, and SHB, as shown in Figures a), b), and b). The SEM image
reveals that the powder has sharp edges and few particles with dimensions below
30 pm. The XRD spectrum shows good YAG crystalline structure. From the hole
burning trace we extracted a hole width of < 10 MHz; however, the lifetimes were only
on the order of one hour and comparable to the thermally crushed bulk crystal. This
indicates that the crushing method employed by Crytur also induced a comparable
amount or strain that is not detected in the XRD spectrum.

Since our annealing procedure was successful for the 0.5 mm-sized powder made
from the SMC bulk crystal, we annealed the Crytur powder using the same method.
The SEM image taken after annealing resembles that of the powder before annealing
(see Figure a)), and the hole width as well as the spin lifetime also remained
comparable to those of the powder before annealing. Hence, in contrast to the powder
created from the SMC crystal, besides an improvement in signal strength (see Figure
5.11] ¢)), our annealing method did not succeed in improving the properties of the
powder. A possible explanation for this observation is the different way of creating

the bulk crystal from which the powders were made. While both crystals were grown
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in a Czochralski process using starting materials of similar purity (99.999% in the
case of Crytur, and 99.995% for SMC), the original bulk crystal from SMC has been
cut from the center of a boule and annealed before shipping. In contrast, the starting
material at Crytur was outer fragments of a large crystal that were not annealed
before crushing. These differences in the procedures employed in the growth process
and sample preparation may affect the density of intrinsic defects and strain in the
initial bulk crystal, potentially explaining the differences between the samples that
are observed here.

In addition to jaw crushing and low-energy ball milling, we also used a high-energy
planetary ball mill to obtain small powders. This technique requires shorter milling
times compared to the low energy approach, but the energy of the impacts during
milling is higher. For a direct comparison between high-energy and low-energy ball
milling, we used the same starting material, i.e. the non-annealed, 30-50 pm-size
crystals from Crytur, and milled the powder for 4 hours using 1 cm-diameter balls
in a high-energy ball-mill. The SEM image in Figure [5.12| showed that the particles
were not agglomerated and on average about 2 pm large. This is the smallest average
size we could achieve using this mill with balls of that size. Figure also reveals
the sharp, irregular surfaces of the particles, suggesting significant strain, as well as
a broad size distribution. For this powder, we measured a spectral hole width < 10
MHz (no side holes are visible) and a lifetime of around 10 min — considerably shorter
than any other milled material. We conclude that despite the reduced milling time,
the crystallites contained an even greater amount of strain and defects due to the

high-energy impacts during milling.
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Finally, we employed a low-energy tumbling mill for 48 hours to reduce the size of the
original Crytur powder. The SEM image reveals agglomerated particles on the order
of 100 nm. Furthermore, we found a spectral hole width of 23 MHz (no side holes
are visible) and spin lifetimes of around 15 min. This new powder was very similar
in all its properties to the one obtained from the SMC bulk crystal after the same
ball-milling procedure (see Figures a) and c)). The same annealing procedure as
described before was then applied to the low-energy ball-milled powder. As observed
in the case of the powders originating from the SMC bulk crystal, the particles grew
from 100 nm to 1 pum, exhibiting clear garnet dodecahedral habit. Improvements in
terms of spectral hole burning were more pronounced, with a measurement limited
hole width of less than 10 MHz and visible side holes. However, the obtained lifetimes
were still only around 20 min (as opposed to 1 h in the case of the SMC powder),
which might be explained by a larger number of defects or impurities in the original

bulk crystal from which the Crytur powder was obtained.

5.3.4.4. Direct chemical synthesis

Apart from milling larger crystals, small-sized powders can also be obtained using
“bottom-up” chemical synthesis. In addition to not requiring initial growth of a
high-quality crystal — a substantial advantage for fast prototyping — this method
does not suffer from potential damage induced during grinding. We therefore ex-
amined the performance of a 1% Tm doped YAG powder that was prepared using
a co-precipitation method [31], B2, B3]. This 1% Tm:YAG powder was synthesized

from starting materials with at least 99.9% purity. An aqueous nitrate solution was

82



prepared by dissolving Tm(NO3)3 - 5H20, Y(NO3); - 6H20, and Al(NO3); - 9H,0
with a molar ratio of 0.03:2.97:5 in HPLC-grade water. The precipitant solution was
prepared with a 1 M concentration of aqueous ammonium bicarbonate and ~1 mM
concentrations of sodium dodecyl sulfate and polyethylene glycol 400 added as an-
ionic and nonionic surfactants, respectively. The solutions were mixed by stirring
for 1 hour and then the nitrate solution was added drop-wise to an excess of the
precipitant solution while stirring at room temperature to form the precipitate. The
resulting suspension was aged for several hours while stirring to allow the solutions
to fully react, and the resulting gelatinous precipitate was centrifugally separated
from the solution. The precipitate was then washed by vortex mixing and sonication
using deionized water, ethanol, and finally n-butanol, and it was then allowed to dry
overnight in a vacuum desiccator. A YAG precursor powder was obtained by subse-
quently drying the precipitate at 300 "C for 4 hours and then grinding in a mortar to
obtain a fine powder. The precursor was then mixed with 5% Li,CO3 by weight as
a flux to promote growth of large crystallites, placed in a covered alumina crucible,
and then crystallized in a tube furnace at a temperature of 1300 "C for 8 hours in air.
Analysis of the resulting powder using XRD, shown in Figure a), revealed com-
plete formation of single-phase crystalline YAG. The quality of the XRD spectrum,
in terms of signal-to-noise ratio and peak widths, is comparable to the spectrum of
the purchased Crytur powder (see Figure b)). An SEM image of the synthesized
1% Tm:YAG powder is shown in Figure [5.13] revealing that it consisted of uniform,
non-agglomerated crystallites with diameters of 500 nm to 2 um that exhibited the

characteristic dodecahedral crystal habit of the garnets.
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Although the XRD and SEM results for the synthesized powders appeared promising,
spectral hole burning measurements revealed the poor quality of the material. We
observed a very broad hole width of 26.6 MHz with no visible side holes. Furthermore,
the measured nuclear spin lifetime was limited to values of at most 2 minutes. Hence,
the properties of the synthesized powder were significantly worse than the properties
of all of the powders obtained using the top-down ball-milling approach. We expect
that the poor performance of the synthesized crystallites may result from residual
chemical impurities that can cause lattice strain from incorporation of the defects as
well as the presence of paramagnetic impurities such as iron that can couple to the
Tm?3" ions and induce nuclear spin relaxation and optical decoherence. Consequently,
further studies are required on powders synthesized from higher-purity starting mate-
rials to investigate whether the properties show improvement and how they compare

to powders of similar purity obtained from top-down fabrication.

5.3.5. Discussion of different characterization methods

The three methods used in this work, SEM, XRD and SHB, complement each other
as they provide information about different aspects of the nanocrystal properties. We
found that SHB was the most sensitive method to detect effects of crushing as well
as annealing on the powder quality in our measurements.

SEM images constitute the most convenient method to assess the size of the par-
ticles, and also observe their shape, which can be an indication of the crystalline

quality, provided one knows the crystal’s habit. For instance, the powder obtained

84



by chemical synthesis exhibits the characteristic dodecahedral crystal habit of YAG
(see Figure . However, the SEM results do not allow one to identify the chemical
composition, and thus cannot detect impurities present in the particles.

XRD analysis is the most reliable method to assess the composition and the phase of
the nanocrystals. If the concentration of impurities is high enough, they can also be
detected by this method. Potential amorphous character of the particles should also
be visible as a broad background on the XRD spectrum. However, we were not able
to observe the amorphous components or crystal strain that was clearly observed in
our SHB measurements. In principle, by analyzing the peak widths in the spectrum,
XRD can also give access to the particle size, but this requires a resolution beyond
that of our instrument.

The SHB measurement gives access to the population lifetime of the nuclear spin
states of Tm3*:YAG, as well as to the homogeneous linewidth of the optical transition
if the hole width is not broadened by laser power, which limited our resolution to 10
MHz. Both quantities are very sensitive to the crystal quality in terms of both strain
and impurities. This sensitivity originates from the coupling between the ion’s nuclear
spin and the environment. In some cases, the SHB measurements reveal differences
in the materials that are not observed in the SEM or XRD results. For example,
the chemically synthesized nanocrystals exhibited very short spin lifetimes despite
promising SEM and XRD results. The SHB measurement gives a quantitative, and
sensitive method to determine the overall quality of the nanocrystals, even though it

does not directly determine the nature of the limiting factors.
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5.3.6. Conclusions and Outlook

In summary, we studied properties of 1% Tm:YAG powders produced by different
methods via SEM imaging, XRD analysis, and spectral hole burning. We found that
SHB is a very sensitive and well suited method to assess the quality of REI doped
crystals in a quantitative way.

We found that any grinding or milling technique degraded the performance of the REI
doped material in terms of homogeneous linewidth and especially spin-state lifetimes,
most likely due to induced stress and deformation to the host matrix. Annealing is
crucial and allowed us to recover the bulk spin-state lifetimes in the case of a soft-
grinding method. In the case of more severe damage caused by ball-milling, bulk
properties were partly recovered in powders originating from high-quality, annealed
bulk crystals, whereas it remained poor in the case of powders obtained from non-
annealed crystal fragments. This shows the importance of starting with high-quality
crystals and the need for annealing. Finally, we found that the performance of the
synthesized powder studied here was likely limited by the quality of the starting
materials.

We anticipate our findings to be generalizable to other impurities and other hosts,
in particular to color centers in nano-structured diamond, and to provide valuable
insight towards nano-structuring REI doped crystals. Furthermore, SHB is a way
to reveal variations in terms of quality and uniformity of powders that could have
consequences for traditional applications where low levels of lattice defects can affect

performance, such as luminescence efficiency and thermal quenching of phosphors.
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Figure 5.10.: SEM images and typical hole burning spectra of the powder obtained
after ball-milling the bulk crystal from SMC for two days. a), ¢) before,
and b), d) after annealing at 1400 "C for 4 hours.
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Figure 5.11.: a) SEM image of the 1% Tm:YAG powder provided by Crytur, and
typical hole burning spectrum b) before and ¢) after annealing.

Figure 5.12.: SEM image of the 1% Tm:YAG powder after 4 hours of high-energy
planetary ball-milling.
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Figure 5.13.: SEM image of the synthesized 1% Tm:YAG powder.
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5.4. Paper 3: Effects of mechanical processing and

annealing on optical coherence properties of

Er’":LiNbO; powders

Journal of Luminescence, 191, 2, 28 Mar 2017

5.4.1. Summary

In Paper 2, we established that, in certain cases, the bulk properties in terms of spin
population lifetimes can be restored in a powder that is treated using thermal anneal-
ing. The same had to be ensured for optical coherence properties, especially since we
expect a positive impact from phonon suppression in small powders on the latter as
well. Paper 3 investigates how mechanical processing influences coherence properties
in powder materials. Since our final goal was to develop material in which phonons
are suppressed and thus the AFC quantum memory protocol can be performed more
efficiently, and since the optical transition of erbium lies within the convenient tele-

com range, we chose Er3* :LiNbO3 as a material.

We found that coherence properties vary widely depending on the specific kind of pro-
cessing a powder underwent. Futhermore, small powder materials make spectroscopic
investigations difficult since they strongly scatter any probe light. Nevertheless, in
the paper we show that various spectroscopic techniques such as hole burning, two-

pulse photon echo and free-induction decay can be successfully employed to measure
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optical coherence times and spectral diffusion over a broad range of values. We also
present a model that predicts the decay shape of a two-pulse photon echo in a ran-

domly oriented powder from known bulk crystal values.

Overall, we show that homogeneous linewidths are broadened in powders that un-
derwent mechanical processing, which indicates the presence of crystal strain and
amorphous phases. Even relatively gentle grinding methods that result in large pow-
der sizes cause significant broadening. Thermal annealing is rather difficult to perform
with LiNbOj since in many cases lithium and oxygen can out-diffuse from the crystal
lattice. In the manuscript we identify annealing temperatures and atmospheres with
which annealing can still be performed and we find that it can partially reverse the

detrimental effects caused by our fabrication methods.

After we determined that REI are that sensitive to any kind of mechanical processing
and that thermal annealing can often only partially restore bulk crystal properties in
a small powder, we decided to produce small powders via chemical synthesis rather
than mechanical crushing, in order to avoid damage to the crystal lattice caused by

mechanical grinding.

The first draft of this manuscript was written by myself. All experiments were per-

formed by the first four authors of the manuscript in the lab of Rufus Cone. The data

analysis and interpretation was done by Lucile Veissier and myself.
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Abstract: Optical coherence lifetimes and decoherence processes in erbium-doped
lithium niobate (Er®*:LiNbOj) crystalline powders are investigated for materials
that underwent different mechanical and thermal treatments. Several complimentary
methods are used to assess the coherence lifetimes for these highly scattering media.
Direct intensity or heterodyne detection of two-pulse photon echo techniques was em-
ployed for samples with longer coherence lifetimes and larger signal strengths, while
time-delayed optical free induction decays were found to work well for shorter co-
herence lifetimes and weaker signal strengths. Spectral hole burning techniques were
also used to characterize samples with very rapid dephasing processes. The results on
powders are compared to the properties of a bulk crystal, with observed differences
explained by the random orientation of the particles in the powders combined with

new decoherence mechanisms introduced by the powder fabrication. Modeling of the
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coherence decay shows that paramagnetic materials such as Er®™:LiNbOjs that have
highly anisotropic interactions with an applied magnetic field can still exhibit long
coherence lifetimes and relatively simple decay shapes even for a powder of randomly
oriented particles. We find that coherence properties degrade rapidly from mechani-
cal treatment when grinding powders from bulk samples, leading to the appearance
of amorphous-like behavior and a broadening of up to three orders of magnitude for
the homogeneous linewidth even when low-energy grinding methods are employed.
Annealing at high temperatures can improve the properties in some samples, with
homogeneous linewidths reduced to less than 10 kHz, approaching the bulk crystal

linewidth of 3 kHz under the same experimental conditions.

5.4.2. Introduction

Rare-earth-ion (REI) doped solid-state materials have received much attention for
their properties such as long optical coherence lifetimes, broad inhomogeneous linewidths
and long population lifetimes that are appealing for a multitude of applications
[T, 2, 3, 4, B, [6, [7]. Erbium-doped lithium niobate (Er*™:LiNbO3) features a wide,
inhomogeneously broadened transition within the C-band of the current telecommu-
nication infrastructure [8]. This is desirable for high-bandwidth applications such as
quantum memories [9] or classical information processing devices, e.g. pulse order-
ing that would seamlessly integrate with today’s technology. Furthermore, lithium
niobate is of particular interest due to its strong electro-optic effects [10] that enable

amplitude and phase modulation of light, as well as its high refractive index that can
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be readily modified to enable optical waveguide applications [11, 12, [13]. The optical
coherence properties of the 1.5 micron transition of bulk Er3*:LiNbO3 crystals have
also been studied for optical signal processing and quantum information applications
[T, [14], 15| 7, [16l, [17], providing a knowledge base for comparing with any changes in
the properties of micro- and nano-structured materials.

For many photonic applications, there is a strong trend towards miniaturization of
devices with the ultimate goal of on-chip implementation and integration of many
optical components. Nanofabrication tools such as chemical etching [18, 19] and fo-
cused ion beam milling [20] are already available and numerous nano-scale devices
have been fabricated specifically from LiNbOg3. Furthermore, employing LiNbOj3 crys-
talline films with thicknesses of only a few microns can provide advantages for the
design of next generation high-speed, broadband electro-optic modulators [21], 22] as
well as providing a platform for integration of heterogeneous photonic structures and
components [23]. As fabrication techniques are refined further, additional improve-
ments may be achieved by employing micron-sized ridge waveguide structures, such
as for enhanced optical frequency conversion [24]. Nanostructured LiNbOj is of inter-
est for diverse applications such as nanocrystals for in situ biological imaging [25] or
nano-wires for directional optical second-harmonic generation [26] and enhanced py-
roelectric sensors [27]. These materials are also promising for nanoscale ferroelectric
capacitors that can enable high-density non-volatile data storage [28].

While much progress has been made in recent years on nanofabrication of optical
materials [29] 30], little is known about how fabrication processes affect the spectro-

scopic properties of resonant impurities in the host, such as rare-earth ions. Many
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properties, such as optical coherence lifetimes that are studied here, can be sensitive
to the quality of the host crystal and even modest variations can critically affect ap-
plications that rely on those properties. Consequently, it is important to find ways
to maintain those properties in nanoscale structures.

In the specific area of REI-doped powders and nanocrystals, there have been very few
optical coherence studies. The initial work in this field focused on the specific case
of Eu?*-doped into sesquioxide host crystals, where fluorescence detection of spectral
hole burning revealed rapid decoherence relative to the bulk crystals due to the intro-
duction of glass-like two-level system (TLS) dynamics in the powders [31], 32} B3] 34].
Beyond the sesquioxide powders, nano-crystallites in glass ceramics have also suffered
from rapid decoherence processes due primarily to interactions with the surrounding
amorphous host matrix [35, [36, [37]. Following the pioneering demonstrations of pho-
ton echo measurements on highly scattering powders [38], optical coherence properties
approaching those of bulk crystals have recently been demonstrated in Eu:Y,0O3 nano
powders, confirming that there is significant potential to improve these and other
nano-materials [39]. In addition, long optical coherence times have been reported for
micro-fabricated structures in Nd:Y,SiOj crystals, again suggesting that at least some
systems and fabrication methods can produce properties suitable for practical appli-
cations [40]. Nevertheless, beyond these cases, little is known about optical coherence
in nano- and micro-structured crystals or powders.

With this motivation, the focus of the work reported here is to employ high-resolution
optical characterization methods, namely two-pulse photon echo (2PE), spectral hole

burning (SHB), and free induction decay (FID) techniques, to assess optical coher-
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ence lifetimes in micro- and nano-sized powders of Er**-doped lithium niobate. The
greatest challenges in carrying out these studies involve detecting optically coherent
signals in highly scattering media and the complexity in behavior introduced by the
random orientation of crystallites in the powder relative to both the external magnetic
field and light polarization, which crucially influence the spectroscopic properties. In
addition, we find that the bulk crystal properties degrade significantly with any me-
chanical processing used to obtain micro/nanocrystals. Therefore, techniques with a
very large measurement dynamic range are necessary.

As a primary goal, our study seeks to probe the thresholds where low-energy me-
chanical processing methods begin to degrade the optical coherence properties and to
what extent the effects might be reversed by high-temperature annealing. Investigat-
ing micron-sized crystals allowed us to probe this threshold region and get a better
understanding of the mechanisms responsible for degraded properties when the par-
ticle size is reduced, down to the nanoscale. In addition to the direct relevance to
nano- and micro-fabrication, these results can also reveal insights into potential sur-
face damage introduced by cutting, grinding, and polishing as well as what processing
steps may be successful in reducing the resulting surface strain and defects. Another
important goal is to demonstrate that powders of highly anisotropic materials may
be quantitatively analyzed within the framework of decoherence models developed for
bulk single crystals. Finally, this work demonstrates how combinations of 2PE, SHB,
and FID measurement techniques allow optical coherence properties to be studied
and compared across a range of samples with very different behaviors as described in

the following.
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The following subsection of this paper describes the fabrication of our powder samples.
We then discuss and compare the results of the different experimental methods to
probe the optical coherence lifetimes. The properties of the fabricated powders are
then compared with the ones of a bulk crystal, including quantitative modeling of the
effects due to the random orientation of crystallites in the powder. We identify the
factors limiting the optical coherence lifetimes in small crystals and show that high-
temperature annealing to relieve strain induced by the fabrication process can improve
those properties; however, in the majority of samples, the bulk crystal properties could

not be preserved or fully recovered.

5.4.3. Sample preparation

Mechanical grinding is a very general, simple, rapid, and flexible approach for fabri-
cating nano-powders from bulk crystalline materials. In particular, high-energy plan-
etary ball milling has been extensively used to produce monodisperse nano-powders
with crystallite sizes down to less than 10 nm [41) 42]. However, it is known that
high-energy ball milling can cause significant damage to the crystal structure, with
the resulting disorder leading to amorphous-like behavior or even transformations
to different crystal phases after extended milling [42] [43]. Since very large inter-
nal electric fields can be produced through the piezoelectric and pyroelectric effects
in LiNbO3 [10], which are also known to contribute to optical damage processes in
the bulk crystals [44], we might expect even greater potential for crystal damage

from high-energy milling of this material. High-energy ball milling has been used
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by a number of groups to produce LiNbO3 nanopowders, mostly undoped, and the
resulting materials have been extensively characterized [45], 406, 47, 48, 49, (50]. A
range of techniques including nuclear magnetic resonance spectroscopy, extended X-
ray absorption fine structure spectroscopy, impedance spectroscopy, X-ray diffraction,
transmission electron microscopy, differential scanning calorimetry, thermogravimetic
analysis, infrared absorption spectroscopy, and Raman spectroscopy have all indicated
a significant increase in amorphous behavior in the LiNbOj crystallites when they are
reduced to sizes below 100 nm by high-energy ball milling [45] [46], 47, 48] [49].

Very little is known regarding how the extent of crystal damage caused by mechanical
fabrication or processing relates to the energy, processing time, and specific method
used. While it is clear that the extended high-energy milling required to produce
nanocrystalline powders produces significant damage, it is unknown if the damage is
intrinsically linked to the size reduction or whether lower energy grinding methods
might better preserve the properties of the bulk crystal. For LiNbOgs, some of the
same measurements that reveal the large degradation in nanocrystals indicate that
microcrystals have nearly the same properties as the bulk crystal [49]. In our previous
SHB studies of Tm?*"-doped yttrium aluminum garnet powders, we found that high-
energy planetary ball milling dramatically affected **Tm?* nuclear hyperfine state
lifetimes; however, we also found that the lifetimes were still significantly reduced
in relatively large microcrystals produced by low-energy ball milling [51]. Since we
expect crystal defects introduced by grinding to affect optical coherence properties
more strongly than nuclear spin lifetimes due to the stronger coupling of the electronic

states to the crystal lattice, optical coherence measurements should provide a uniquely
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sensitive method for probing even very low levels of crystal damage. For the same
reasons, we expect mechanical fabrication methods to be particularly detrimental to
material performance in applications that rely on long coherence lifetimes and narrow
optical homogeneous linewidths. Consequently, in this work we only used very slow
and low-energy grinding methods, resulting in micron-sized powders, in an attempt
to minimize the accumulated mechanical strain in the crystallites and also to probe
the threshold at which measurable damage is induced to the crystal structure.

As a single crystal reference to compare with powder samples prepared in different
ways, we chose a bulk single crystal of 0.1% Er®*:LiNbO3 with congruent composition,
grown by Scientific Materials Corp. (SMC) using the Czochralski method. This
crystal has been previously studied by Thiel et al. [16] [17] and showed good coherence
properties with homogeneous linewidths as narrow as 3 kHz with applied magnetic
fields along the crystal’s c-axis. The choice of doping concentration is a trade-off
between the absorption needed to obtain a reasonable signal-to-noise ratio in powder
samples and the additional decoherence created by increased doping due to Er3*-Er3*
interactions. Starting from a bulk crystal, we fabricated several powder samples, as
detailed below. The procedures used to fabricate each of the samples are outlined in
Tab.[5.2] In order to analyze the size and shape distribution of the resulting powders,
we performed scanning electron microscope (SEM) imaging, as presented in Fig. |5.14
and [B.15

An initial reference powder (powder #1 in Tab. was first fabricated by relatively
gentle mechanical crushing and grinding using an alumina ceramic mortar and pestle.

This resulted in monocrystalline particles with a wide distribution of sizes ranging
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’ Sample ‘ Method

bulk 0.1 % Er*™:LiNbO3 (SMC)
1 (ref) | bulk crushed via mortar and pestle
sample 1 re-crushed with mortar and pestle

2 ball milled, 0.5 Hz mill, 30 min

3 sample 1 ball milled, 0.5 Hz mill, 2 hr
annealed (1 hr at 900 C and 4 hr at 600 C)

4 sample 1 ball milled, 0.5 Hz mill, 2 hr
annealed (4 hr at 1100 C)

5 sample 1 ball milled, 5 Hz mill, 10 hr

annealed (4 hr at 950 C and then 4 hr at 1100 C)
indiffusion of Er** into commercial LiNbO3 powder:
6 LiNbO3; + ErCl; ball milled, 5 Hz mill, 3 hr
annealed (4 hr at 1100 C)

Table 5.2.: Powders characterized in the manuscript and their fabrication methods.

from 1 to 100 pm, as shown in Fig. [5.14|(a). However, we believe that when we later
optically probed the samples the signal mainly originated from the largest particles.
To further reduce the crystallite size of the crushed LiNbOj3 powder, we employed
two different horizontal tumbling-type low-energy ball mills: a ball mill with a 4-inch
diameter HDPE-jar rotating at a relatively slow rate of approximately 5 Hz, and an
even slower ball mill rotating at a rate of only approximately 0.5 Hz. Both mills were
loaded with a mix of ceramic yttria-stabilized zirconia balls with diameters ranging
from 0.3 mm to 1 cm. The reference powder samples were mixed with ethanol to
produce a slurry and then ground in a mill under the conditions listed in Tab. [5.2
This method was chosen to minimize both the mechanical and thermal energy in-
volved in the grinding. From the powder sample #1, we produced another sample
(powder #2) by ball-milling for only 30 min at 0.5 Hz. The corresponding SEM
image (Fig. p.14(b)), shows very little decrease in particle size demonstrating that

our low-energy ball milling method only reduces the particles very slowly by gradual
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Figure 5.14.: Scanning electron microscope images of (a) powder #1 made from a
0.1% Er*™:LiNbO3 bulk crystal (SMC) by grinding with a mortar and
pestle, (b) powder #2 ball-milled for only 30 min.

attrition. Nevertheless, even short periods of milling may potentially introduce mea-
surable lattice strain that can be characterized. The next sample fabricated, powder
#3, was produced by ball-milling powder #1 for 2 hours at 0.5 Hz, resulting in a
significant reduction in average particle size. As shown in Fig |5.15(a), this sample
has particle sizes roughly on the order of 1 ym after annealing in the furnace.

To investigate the effect of post fabrication thermal treatment, some powders were

annealed in alumina crucibles in a tube furnace using a mullite tube providing peak
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Figure 5.15.: Scanning electron microscope images (a) powder #3 ball-milled and
annealed at 900 C, and (b) powder #6 annealed up to 1100 C.

temperatures of up to 1400 C. While thermal annealing can increase defect mobility
and relieve crystal strain, LiNbOj can also be detrimentally affected by annealing
at high temperatures due to the potential for out-diffusion of both lithium and oxy-
gen, affecting the optical and electrical properties of the crystal. Past studies have
found that thin crystalline films of LiNbOj3 are particularly sensitive to high annealing
temperatures [52, 53], suggesting that similar effects might be observed for powders.
Furthermore, while bulk crystals generally require reducing atmospheres [54] or vac-

uum [55] for significant oxygen to diffuse out of the crystal matrix during annealing,
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we found that in small crystallites the out diffusion occurs even when annealed in
an ambient atmosphere, resulting in black powders. To prevent the loss of oxygen
from the material, we annealed the powders under a continuous flow of oxygen (ultra-
high purity grade), a method that has been shown to inhibit the reduction process
for bulk crystals [55], although for thin films there have been some indications that
excess oxygen may potentially be absorbed and produce defects [56]. To inhibit the
out-diffusion of lithium, we employed the well-known technique used for LiINbO3 wafer
processing of introducing small amounts of water vapor into the oxygen by bubbling
the gas through a column of deionized water [57, [58].

The effects of several different annealing procedures were examined. Powder #3 was
annealed at a low-temperature of around 900 C, which resulted in a growth in particle
size of only a factor of two at most for the micron- and sub-micron-sized particles and
only produced weak agglomeration of the powder. The resulting maximum particle
size of 2 pm or less constitutes the finest powder examined in this study as shown in
Fig. M(a). We also performed higher temperature annealing at 1100 C that tended
to produce significant crystallite growth as well as hard agglomeration and fusing of
the particles. Samples #4, #5 and #6 had initial particle sizes of less than 2 ym after
ball-milling but fused into much larger masses around 100 pum after annealing at 1000
C, as shown in Fig. |5.15(b). Powder #5 also underwent an initial pre-annealing step
at 950 C. Better crystal quality, and therefore improved coherence properties should
in principle come with this increase in size.

Finally, we fabricated an Er*t:LiNbO3 powder (sample # 6) via in-diffusion of Er3*

ions into a commercial congruent LiNbO3 powder (Sigma Aldrich, 99.9% purity) with
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initial crystallite sizes of less than 70 pm. The LiNbOj3 powder was mixed with a
5% molar concentration of anhydrous ErCls powder (ProChem Inc., > 99.9% purity)
and ethanol to produce a slurry, and the mixture was ball milled for 3 hours. The
powder was then allowed to dry in a desiccator, after which it was heated in the tube
furnace for 4 hours at 1100 C while under a continuous flow (3 SCFM) of oxygen.
The resulting powder was then crushed with a mortar and pestle and washed with
deionized water followed by ethanol. Optical spectroscopy of the 1532 nm absorption
line verified that significant Er®* had diffused into the LiNbOs powder. While the
amount of Er*" incorporated into the LiNbO3 powder is unknown, the magnitude of
the optical absorption and the effective homogeneous linewidth were comparable to
our other 0.1% Er powders (see Tab. . Not accounting for possible broadening of
the inhomogeneous line, which would have to be very large, this suggests a similar

effective doping level in the indiffused powder and our other powders.

5.4.4. Optical coherence lifetime measurements

Key requirements for many applications of REI-doped materials in classical and quan-
tum signal processing are long optical and spin coherence lifetimes. To investigate the
effect of powder fabrication on the optical coherence lifetime of the 1.5 pum telecom-
compatible transition of Er3*, we used several different measurement techniques. One
issue that must be overcome for powders is a much weaker signal strength. Powders
with particle sizes below 10 pum scatter light very strongly, especially for our samples,

since LiNbO3 has a relatively high refractive index of approximately 2.2 at 1.5 pym
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wavelengths [59, [60] and most of our particles have sizes larger than the wavelength
of the probing light. The latter causes light to be scattered at every surface of the
micro/nano-crystals, randomizing the direction, path length, and polarization of the
light, making the transmitted or emitted light difficult to collect. Therefore, the
usual characterization methods employed for REI-doped crystals such as 2PE, SHB,
or FID are difficult to perform with powders. Previous measurements on powders
have mostly employed detection of fluorescence emission to observe SHB [31], [61, [33],
with direct transmission detection of SHB [51] and 2PE [38] B9] only recently being
successfully applied to powders. In particular, FID measurements on powders have
not been previously reported to our knowledge.

Another consideration is the random orientation of individual crystallites in the pow-
der relative to applied external fields. It is known that Er®* coherence lifetimes
strongly depend on the magnetic field orientation due to the anisotropy of the g ten-
sors in both the ground and excited states [62]. As a consequence, the coherence
lifetimes measured in a randomly orientated powder sample correspond to an average
of the bulk lifetime over all possible orientations, complicating the interpretation of
the results.

Finally, the degradation of coherence properties in micro/nano-crystals due to new
decoherence mechanisms introduced by the powder fabrication process can limit the
range of materials that can be studied using a single technique. In some cases, the
optical coherence lifetime is drastically reduced, making a direct measurement via
2PEs difficult with standard techniques.

In the work reported here, we employed a combination of three techniques, SHB,
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2PE, and FID, to study optical coherence over the wide range behavior encountered
in different powder samples. Also, SHB signals were detected in transmission rather
than emission to allow information about absorption depths to be determined. For
all of these measurements, unless mentioned otherwise, the powder samples were
loaded into a 0.4 mm thick space within an unsealed glass cuvette and then cooled
to a temperature of 1.6 K in an Oxford Spectromag cryostat using helium exchange
gas. A superconducting solenoid provided magnetic fields of up to 6 T for these
measurements. Since most of the incident laser light was diffusely scattered in all
directions, it was critical to minimize stray light from reaching the detector and
producing a large background signal. For this purpose, the glass cuvette containing
the powder was mounted against a mask with a small hole that only allowed light
at the center of the cuvette to be transmitted and with extensive light baffles on all

sides to direct any scattered light away from the detector.

5.4.4.1. Two pulse photon echoes

The most precise method to characterize long coherence lifetimes, as observed in
Er3*:LiNbOs bulk crystals, is the 2PE technique since it is not limited by the linewidth
of the excitation laser. For these measurements, a homemade Littman-Metcalf extended-
cavity diode laser emitting at 1532 nm was amplified using an erbium-doped fiber
amplifier (IPG Photonics Corp EAD-1-C). Two short pulses, separated by a time ¢,
with duration ranging from 30 to 100 ns, optimized for each sample, were generated
using an acousto-optic modulator (Crystal Technology Inc. 3165). The light was then

focused on the front face of the sample and the transmitted light was detected using
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an amplified high-speed InGaAs photodetector (New Focus 1811) with no optical gate
used between the photodetector and the powder samples.

In addition to direct detection of the echo intensity, we also performed heterodyne
measurements of the echo. For those measurements, after the second excitation pulse,
a weak optical local oscillator pulse detuned by 10 MHz was sent through the sample
to the detector to ensure it undergoes the same scattering path and to provide better
spatial mode matching of the local oscillator and the excitation beam. The envelope
of the beat signal between the emitted echo and the local oscillator corresponds to
the emitted temporal shape of the photon echo electric field strength. Because of the
need to limit the local oscillator pulse intensity to avoid undesired hole burning or
heating effects and attenuation due to scattering, the heterodyne signal strength was
not significantly larger than the intensity detection. Nevertheless, the factor of two
slower echo decay rate of the electric field observed in the heterodyne measurement,
compared to the decay rate of the intensity observed in a regular 2PE, allows shorter

coherence lifetimes to be characterized with the heterodyne technique.

5.4.4.2. Echo decays in powders of randomly orientated crystallites

In the simplest 2PE decay measurement, the area of the echo emitted at a time 29
after the first excitation pulse follows an exponential decay determined by the coher-
ence lifetime. In Er**:LiNbOs, as for many other Er®* materials, spectral diffusion
broadens the homogeneous linewidth during the measurement timescale [16] leading

to a non-exponential echo decay often described by the empirical formula proposed
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by Mims [63, 64]
I(ts) = Iy exp {_2 (22” , (5.9)

Tm
where the exponent x > 1 determines the decay shape and Ty is the phase memory
lifetime, usually related to the effective homogeneous linewidth as ['eg = 1/7T\ [16].
In heterodyne detection, the electric field of the emitted photon echo is detected
rather than the intensity so that the decay of the echo heterodyne envelope area is
slower by a factor of two and is given by

Bt - Bress |- (22)] o

In general, the effective homogeneous linewidth can strongly depend on the orientation
of the applied magnetic field B as well as the specific ion sites addressed in the
crystal by the resonant optical excitation [62]. For amorphous media, there can
be a wide range of local environments and a corresponding need to average over a
complex distribution of sites and orientations [65]. In contrast, it should be possible to
predict the behavior for a powder of randomly oriented crystallites from the measured
orientation dependence of the bulk single crystal. In LiNbOs, Er3* ions substitute for
Li* with a local environment that nominally maintains an axial point symmetry with
respect to the c-axis described by the C3 point group [66, [67]. Assuming that the sites
maintain perfect axial symmetry, the orientation-dependent properties depend only
on the angle 6 between the magnetic field B and the c-axis. Fig. |5.16(a) shows the

effective linewidth as a function of  in a 0.1% Er3*:LiNbOj bulk crystal at T = 1.6
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K and B = 2 T. The minimum homogeneous linewidth is observed for B along the
c-axis, i.e. # = 0, with a measured value of 3 kHz, agreeing with the linewidth
previously reported for these conditions in a 0.06% Er3*T:LiNbOs crystal [16]. The
values of T'eg were extracted from 2PE intensity decays fitted by Eq. 5.9 as shown
in the inset for B along the c-axis. The measured angular dependence I'e(0) was
fit well using an empirical eighth order polynomial containing only even powers. To
simulate the observed echo intensity [, we averaged the echo intensities over all

possible random crystallite orientations as follows
w/2
Tt () = I / exp [—ArT o (6)t12] sin 0.d6 | (5.11)
0

This model assumes a uniform distribution of particle orientations and that all parti-
cles contribute equally to the averaged decay. Fig.[5.16(b) shows the measured echo
intensity as a function of waiting time t15 in powder #1 under the same conditions
as for the bulk measurements, i.e. B =2 T and T'= 1.6 K, as well as the decay sim-
ulated using Eq. with the measured bulk crystal parameters. The simulated and
measured decays agree very well, indicating that the observed echo signals in this case
do represent a simple average over all possible particle orientations. This conclusion
is important for interpreting the later results since it suggests that the probe light
interacts uniformly with different particles and that there is no preferential alignment
of the crystallites in the powder.

From both the simulations and the measurements, we observed echo decays for the

Er?*:LiNbO3 powders that could be approximately described by a double-exponential
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shape. Using simulations to investigate the contributions of different particle orien-
tations to the echo signal, we found that, for the conditions studied in this work, the
slow component of the decay corresponds to the subset of crystallites in the powder
that have their c-axis oriented almost parallel to the applied magnetic field direction
while the fast component of the decay corresponds to all crystallites with other orien-
tations. For example, under the conditions in Fig. m(a), fitting the powder decay
with a double exponential gives effective homogeneous linewidths of 7.6 and 45 kHz
for the two components, roughly corresponding to that of the bulk crystal with B
along the c-axis (3.5 kHz), and an average over the behavior for other orientations
(up to 300 kHz for B orthogonal to the c-axis), respectively. Note that the excited
state population lifetime in Er:LiNbOjz bulk crystals was measured to be 2 ms [16],
which leads to an absolute lower limit for the optical homogeneous linewidth of 80
Hz.

Because the slower decay component probes the subset of particles with their c-axis
approximately aligned with the external field, as confirmed by the analytical model
described by Eq. [5.11], we can quantitatively analyze the decoherence mechanisms by
directly comparing this component of the decay to the bulk crystal behavior for B || c.
Consequently, in all of the following analysis, we focus on the slower component of
the double exponential decay observed for the powder samples. In the spectral hole
burning and free induction decay measurements described later, only single exponen-
tial decays are observed since at the timescales of these measurements, additional
decoherence effects dominate the decay behavior and are more important than the

orientation effect observed in the 2PE measurements.
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5.4.4.3. Magnetic field dependence of coherence lifetimes

In this subsection we discuss the observed magnetic field dependence of the coherence
lifetimes in the different samples and investigate additional decoherence processes
resulting from the powder fabrication methods. Fig. [5.17| shows the magnetic field
dependence of the effective linewidth at T" = 3 K for the bulk crystal, powder #1
(the reference), and powder #2. No heterodyne technique was needed here, but we
verified that the heterodyne measurement of the decay fitted by Eq. gave the same
characteristic lifetime. For all other powder samples listed in Tab. the signal was
either too weak or exhibited a decay too rapid to extract a lifetime corresponding to
the slow component with a reasonable uncertainty. The experimental points I'e(B)
are fitted by the spectral diffusion model from Ref. [16], where the effective linewidth

is given by

FSDR

—2T + 24/T% + Lot

where 'y is the linewidth without spectral diffusion, I'sp is the broadening caused by

Leg(B,T) = (5.12)

interactions between the Er®T electronic spins, and R is the rate of spectral diffusion.

The spectral diffusion broadening has a full width at half maximum described by

(5.13)

env B
FSD(Ba T) = Frnax S€Ch2 (w) )

2kpT

where '}, is the maximum broadening due to magnetic dipole-dipole interactions,
Genv BB is the splitting of the Er3*spin states, and the hyperbolic secant function in

Eq. describes the suppression of spectral diffusion at high magnetic fields due to
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sample | ¢ | ag(kHz) | a,(kHz/T?)
bulk 15.7 11 69

1 14 12 240

2 14 9 200

Table 5.3.: Parameters from fitting the experimental data shown in Fig. by
Eq. For all samples, the value of '« was fixed to 1 MHz and
the parameter I'y was constrained to be larger or equal than minimum
bulk value (I'y = 3 kHz at 6 T), which lead to I'g = 3 kHz.

the increased magnetic ordering of the spins. Spectral diffusion occurs at a rate R
characterizing the flip rate of the perturbing Er3* spins; that is approximately given

by

(5.14)

B
R(B,T) = ag sech® (M)

2kgT

3 5 genv,uBB
B°coth | =—/—————
+ ap g5,y B°co ( kT )

This expression assumes that only the mutual Er3*-Er3* spin flip-flop process with
coefficient g and the direct phonon process with coefficient ap drive Er3* spin flips,
as expected for temperatures below 4 K.

Fitting Eq. to the three sets of data (bulk crystal and powders #1 and #2)
gives very similar spectral diffusion parameters except for the coefficient ap that is 4
times larger for powder #1 and 3 times larger for powder #2 as compared to the bulk
crystal (see Tab. . This suggests that additional spin relaxation processes that
increase with magnetic field are introduced through powder fabrication by crushing
or ball-milling. Such processes may be understood within the framework of the two-
level system (TLS) model developed to describe dynamics in amorphous materials [68,

69]. In this model, very low-frequency modes that involve groups of atoms tunneling
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between local configurations with nearly equivalent energies are enabled by defects
and disorder in the crystal structure. It has been proposed that low densities of
TLS can be present in some crystalline materials with large inhomogeneous lattice
strains [70]. Decoherence attributed to TLS has been previously observed in both
bulk crystals [31) [61] and powders [32], and it has also been suggested that TLS can
cause rapid electron spin relaxation [71]. This interpretation is also consistent with
past observations of increased electronic spin-lattice relaxation rates of Nd3* in YAG
single crystals with a high density of structural defects in the lattice [72] as well as
increased nuclear spin relaxation rates of Tm3" in YAG powders fabricated by
ball milling [51]. While it is known that high-energy ball milling of nanocrystals can
produce significant disorder in the crystal structure and introduce some amorphous
behavior [45] 46, 47, 48], 49], our results suggest that even very low-energy grinding
methods applied to much larger microcrystals still cause substantial damage that
produce TLS. Since the powders examined all have sizes larger than 1 pm we assume
that contamination of the crystal surface or surface effects in general do not play a
role in this case.

Because 2PE techniques did not allow us to extract the long component of the decay
corresponding to the longer coherence lifetime in the bulk, we also used SHB and
FID techniques in all of the powder samples to probe the effects of faster decoherence

processes. These measurements are described in the following subsections.
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5.4.4.4. Spectral hole burning

We employed spectral hole burning to measure I'.g as well as the effective absorption
depth aeg of our samples. We use the latter to qualitatively estimate the amount of
scattering and the quality of the micro/nano-crystals. In this measurement, a 500 us
long burn pulse excited the resonant Er3* ions into the *15 /2 excited state and created
a corresponding transparency window in the inhomogeneously broadened absorption
line. After a 25 us delay, a subsequent 50 us long read pulse with lower power was
frequency swept across the spectral hole to measure the absorption spectrum.

A typical hole burning trace is shown in Fig. for powder #1 at a temperature
of 1.6 K and a magnetic field of 2 T. In addition to the main hole in the center of
the spectrum, we observed additional sideholes originating from the superhyperfine
coupling between the Er3* electronic spins and the nuclear spins of the host ions, with
9Nb producing a superhyperfine splitting of 9 MHz/T and "Li producing a splitting
of 14.8 MHz/T [17].

Spectral hole burning measurements provide information about the optical coherence
lifetime via the width of the spectral hole. In the absence of power broadening,
the spectral hole width is twice the effective homogeneous linewidth convolved with
the laser linewidth [73]. To estimate the effect of power broadening and the laser
linewidth, we carried out a series of hole burning measurements on the bulk crystal
using different laser powers. This measurement allowed us to extrapolate to the hole
width at zero burning power. From a power broadening measurement performed on

powder #3, we estimated that our measured hole widths exhibited 1.93 MHz of power
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sample | aeg (cm™1) | THE (kHz) | T2¢" (kHz) | THP (kHz)
bulk 3.9 < 10 3.2 <10
1 (ref) 13.5 60 4.5/40 32
3 9.4 < 10 12/45 38
4 1.4 1050 30 30
) 0.71 990 38 29
6 2.96 150 37 42

Table 5.4.: Maximum effective absorption coefficient ae.g extracted from SHB mea-
surements, as well as effective linewidths ey extracted from SHB (after
a Ty = 25 us), 2PE (heterodyne measurement for samples #3 to #6)
and FID (after a T\, = 5 ps) measurements at 7= 1.6 K and B =2 T
for different samples. When a double exponential decay was observed,
as described in the main text, both decay values are listed. For the bulk

crystal, the magnetic field and light polarization were parallel to the c-axis
(B E[ ).

broadening, and we then assumed that the power broadening was the same for each
powder under the same excitation conditions. This gives a large uncertainty that we
estimated to be 10 kHz on the extracted values of the effective linewidth, but still
allows us to compare the effects of the different treatments applied to the powders.
A comparison between SHB and 2PE measurements for the bulk crystal resulted
in an estimated contribution of the laser linewidth to the hole width of 420 kHz.
Using these values, the effective homogeneous linewidths were computed from the
hole burning measurements by subtracting the power broadening and laser linewidth
contributions, with the outcome summarized in Tab. [5.4]

Tab. contains a summary of effective homogeneous linewidths measured using
different techniques. Note that the values obtained using holeburning and FID are
influenced by spectral diffusion (on the timescale of 25 us and 5us respectively) and
laser jitter. We see that powder #1, which was crushed using only a mortar and

pestle, shows broader hole widths than the bulk crystal, meaning that additional

120



spectral diffusion processes occur in this powder. Remarkably, the effective homoge-
neous linewidth of powder #3, which was ball-milled and then annealed, is narrower,
and on the same order of magnitude as that of the bulk crystal. This indicates that
crystal damage (strain and defects) caused by mechanical processing, in this case
crushing using a mortar and pestle and slow ball milling, could be mostly removed
by annealing the powder with the smallest particle sizes studied of roughly 2 um and
lower. On the other hand, powder #4 shows much broader spectral holes with the
same mechanical processing as powder #3 but annealing at a higher temperature.
To further explore the effect of temperature, powder #5 was ball milled at a higher
speed and for a longer time than powders #3 and #4, but was then annealed at the
same upper temperature as powder #4, resulting in very large spectral hole widths
— nearly the same as for powder #4. These results suggest that the much broader
linewidths observed in powders #4 and #5 arise from the higher annealing temper-
atures. Consequently, it appears that temperatures above 1000 C are detrimental
to the material properties rather than beneficial, likely due to additional disorder
caused by loss of either lithium or oxygen from the crystal matrix. This hypothesis is
consistent with past observations of substantial lithium out-diffusion from the surface
of bulk crystals when annealed in a wet oxygen atmosphere at temperatures above
approximately 1100 C [58]. Moreover, changes in material properties due to lithium
out-diffusion have been observed at temperatures as low as 600 C for LiNbO3 thin
films [52], 53], suggesting that even lower annealing temperatures than used here may
be optimal for micro/nano-powders.

Finally, we examined powder #6 that was fabricated through in-diffusion of erbium
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into commercial LiNbO3 powder. This powder was processed using similar mechanical
and thermal treatments as for powders #4 and #5, although noticeably narrower
linewidths than those of powders #4 and #5 were observed. Further study is required
to determine whether the difference in linewidth is a result of the different starting
materials, the presence of ErCl; mixed with the powder, or other factors.

From the hole burning spectra, we also extracted effective absorption depths for each
powder sample. Since scattering in the powder increases the optical path length
traveled by the light as it passes through the sample, we should observe a larger
absorption depth for samples with more scattering, as well as the expected increase
in the overall frequency-independent scattering loss. On the other hand, scattering
of light between and around loosely packed particles will reduce the absorption com-
pared to a bulk crystal. In particular, any small gap in the 0.4 mm thick loose powder
can result in a weakly scattered background signal that does not strongly probe the
powder. Furthermore, when the individual crystallites have anisotropic absorption,
the transmitted light in general will not follow the usual Beer-Lambert-Bouguer ex-
ponential decay law. Nevertheless, if we assume that the incident light polarization is
randomized many times during the scattering process, as we observe experimentally
from the transmitted light, then we can approximate the propagation through the
powder using the absorption coefficient averaged over all polarizations states. Thus,
while it is difficult to extract real absorption coefficients or effective path lengths from
the measured transmission spectrum, we do expect the observed effective absorption
to provide some qualitative information about the relative scattering path lengths in

the powder samples.
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For the 1532 nm transition of Er3T:LiNbOs3, the absorption coefficient is dependent on
both the polarization and the propagation direction of the light since the transition
has comparable electric and magnetic transition dipole strengths [17]. The maximum
absorption coefficients are known for light propagating orthogonally to the crystal's
c-axis with 7 polarization, i.e. E || ¢ (4.1 em™!), and o polarization, i.e. E L
c (6.8 ecm™), as well as for the light propagating along the crystal's c-axis with
the two circular polarization states (11.1 ecm™! averaged over left and right handed
polarizations). Consequently, averaging over all possible random crystal orientations
and polarizations, we would expect an effective absorption coefficient g of 7.3 cm ™!
for a powder in the limit of many scattering events.

To estimate the effective absorption coefficient a.g for each powder sample, we used
high-power (resonant) optical excitation to burn a very deep spectral hole for which
we assumed complete transparency since further increasing the burning power did not
produce any additional increase in the transmission. Using this approach, a.gq was
calculated from the transmitted intensity I; at the center of the hole and the intensity

Iy with the laser tuned away from the hole (where it experiences the full absorption)

through the relation

Qe = —In (%) /L, (5.15)

where L = 0.4 mm is the powder thickness. The resulting effective absorption values
are listed in Tab. for each sample.
For powders #1 and #3 we measured absorption coefficients (see Tab. higher than

the bulk average increased by a factor of 1.8 and 1.3 respectively. This is consistent
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with the transmitted light experiencing a longer path in the powder sample. However,
for the other powder samples, the measured absorption coefficient is significantly
lower compared to the bulk. We note that all powders with small optical depth (#4
to #6) underwent the same annealing procedure, with maximum temperatures of
around 1100 C, which might have introduced modifications in the host matrix that
potentially could cause broadening of the inhomogeneous linewidth or other effects
responsible for decreased absorption. This explanation would also be consistent with
our observation of larger effective homogeneous linewidths in those same samples.
Nevertheless, to conclusively identify the cause of the weaker observed spectral hole
depths in these samples requires further study.

The experiment described above shows that SHB measurements in direct transmission
could be successfully conducted in powder samples and that the effective linewidths
were successfully extracted in samples for which 2PE measurements did not allow
a good estimation of the coherence lifetime. Overall, we observed that coherence
properties degraded in powders that underwent mechanical processing. This suggests
the presence of two-level systems in these samples. To further verify these results,
we also used FID techniques to probe the coherence properties over an intermediate

range that overlaps those accessible through SHB and 2PE measurements.

5.4.4.5. Free induction decay and spectral diffusion

SHB measurements may be used to probe powders with broad homogeneous linewidths
that cannot be accessed by 2PE techniques. However, in cases where rapid spectral

diffusion or complex spectral structure such as spin-flip sidebands are present, op-
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tical coherent transient FID measurements can serve as a better method to extract
the effective homogeneous linewidth [73]. While FID measurements that probe a
single spectral hole are still limited by the laser linewidth, FID may be employed
immediately following the hole preparation without the need for laser chirping, al-
lowing the broadening to be probed over shorter timescales than frequency domain
SHB measurements. Furthermore, FIDs are more amenable to heterodyne detection
techniques, allowing for improved signal discrimination and dynamic range relative to
SHB. The shape of the FID curve also reveals the evolution of decoherence processes
over the timescale of the measurement in a manner similar to 2PE techniques [16],
unlike direct SHB that requires an extensive series of measurements to extract similar
information.

Motivated by the ability of FID measurements to probe rapid decoherence processes
contributing to the homogeneous linewidth (i.e. processes faster than the shortest
timescales observable using 2PEs), we employed FID measurements to study all of
our powder samples. Specifically, we applied a variation of the FID technique some-
times referred to as a delayed FID that is analogous to a stimulated photon echo
measurement [73]. For this approach, a laser pulse first burnt a hole in the inho-
mogeneously broadened absorption line of the sample: in our case we used a 50 us
long burn pulse to provide an approximately 20 kHz Fourier-limited spectral resolu-
tion. After a waiting time T3, a second brief excitation pulse was applied to induce
an optical coherence across the frequency window of the burnt hole. The decay of
the coherent emission after the brief pulse provides information about the effective

width of the spectral hole resulting from the convolution of the effective homogeneous
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linewidth and the laser linewidth, as well as any spectral diffusion that occurs over
the waiting time T},. In our case, we employed heterodyne detection to measure the
coherence decay by beating it with a third laser pulse shifted in frequency by 10 MHz.
The decay of the resulting 10 MHz beat signal is given by

E(t) = Ey exp [—< ! H . (5.16)

T.
TM

By fitting this equation to the experimentally measured decay, we extracted the
effective homogeneous linewidth Teq = 1/77};" after a waiting time T},. An exemplary
FID decay signal for powder #1 (reference) at B = 3.9 T, T' = 1.6 K and waiting
time Ty, = 5 pus is shown in Fig. [5.19, where the steady-state transmitted intensity
has been subtracted from the signal. The fit of the FID is shown by the solid line,
revealing an exponential decay envelope (i.e. =1 in Eq. that corresponds to
an effective linewidth of I'.g = 147 kHz.

By changing the waiting time T, between the burn and excitation pulses, the de-
layed FID technique was used to determine the effective homogeneous linewidth at
different timescales and thus study time-dependent decoherence processes, i.e. spec-
tral diffusion. The effective homogeneous linewidth over a range of waiting times for
different powders is shown in Fig. [5.20, From a comparison of the obtained effective
homogeneous linewidths using FID at T, = 5 us and the local slope of the two pulse
photon echo decay around t15 = 5 pus for each powder, we estimated the experimental
contribution to each FID measurement due to laser linewidth, power broadening and

shot-to-shot laser jitter.
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As shown in Fig. [5.20] we observed a rapid time-dependent broadening of the linewidth
due to spectral diffusion occurring at timescales of less than 500 s, and then a sat-
uration of the broadening at longer timescales, indicating that those waiting times
were longer than the inverse of the spectral diffusion rate. Comparing the behaviors
at B=2T and B=3.9T (see Fig.[5.20(a) and (b)) indicates that spectral diffusion
is faster at 2 T, whereas the final linewidth at long T3, is similar at both magnetic
fields. Overall, the bulk crystal shows the narrowest linewidths, although powder #1
(the reference powder) that underwent minimal grinding using only a mortar and
pestle exhibits similar spectral diffusion broadening as the bulk crystal at the longest
time delays. All ball-milled powders show significantly larger effective linewidths.
For powders #3 and #4 that underwent the same mechanical treatment, the data
points at short T, suggest that the higher annealing temperature of 1100 C for pow-
der #4 was detrimental. Furthermore, we could not observe a clear saturation of the
effective homogeneous linewidth with waiting time for powder #4, unlike all of the
other powders. Powder #5 that experienced more severe mechanical treatment (fast
ball milling for 10 hours) but the same annealing process as #4, shows comparable
broadening as #4, further suggesting that the high annealing temperature was the
limiting factor for these samples. This observation is consistent with the SHB results
discussed earlier and again points toward defects and disorder in the crystal caused
by out-diffusion of lithium at high temperatures [58| 52} [53]. Since the dynamic TLS
modes enabled by the disorder typically exhibit a broad distribution of relaxation
rates, they are expected to cause significant spectral diffusion that often produces a

logarithmic increase in the homogeneous linewidth over time [74] [75].
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The commercial powder with large crystallites that were diffusion-doped with Er3*
(powder #6) exhibited better coherence properties at long timescales compared to
all of the ball-milled powders, although still significantly worse than the bulk crystal
and the crushed reference powder #1. This again suggests that higher processing
temperatures are a key factor in producing spectral diffusion, although at a lower

level for larger particles as might be expected if lithium out-diffusion is the cause.

5.4.5. Conclusion

We demonstrated that spectroscopic properties such as optical coherence lifetimes in
Er*:LiNbOs3 powders that experienced various mechanical and thermal treatments
could be measured despite strong scattering, random orientations, and shorter coher-
ence lifetimes. The 2PE measurements were optimal to access long coherence lifetimes
whereas SHB and FID techniques were well suited to quantify fast dephasing pro-
cesses. Furthermore, we described how the powder properties could be predicted
and understood by averaging the orientation dependent properties of the bulk single
crystal.

We observed that mechanical grinding of the powders resulted in a broadening of their
effective homogeneous linewidths, indicating the presence of dynamic TLS modes
characteristic of amorphous phases. This conclusion was also supported by obser-
vations of corresponding decreases in the maximum absorption as well as a broader
distribution of spectral diffusion rates as compared to the bulk crystal. Surprisingly,

we found that even crushing and grinding with mortar and pestle to produce large
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microcrystals resulted in significant damage as indicated by an order-of-magnitude
increase in the homogeneous linewidth. In the powders that experienced less process-
ing, spectral diffusion broadening at longer timescales approached the values observed
in the bulk, suggesting that grinding primarily accelerates existing spectral diffusion
mechanisms (such as Er®*T electronic spin flips) rather than introducing new sources
of broadening. This conclusion is also consistent with the increase in the magnetic-
field-dependent spectral diffusion rates extracted from analysis of the 2PE coherence
measurements (summarized in Tab. [5.6). We found that the broadening could be
partially reversed by high-temperature annealing in oxygen atmospheres for some
powders; however, treatment at temperatures above 1000 C was detrimental for the
coherence properties. The powders annealed at temperatures above 1000 C exhibited
a large increase in the magnitude of spectral diffusion, suggesting that additional
broadening mechanisms were introduced, possibly due to out-diffusion of lithium and
oxygen from the crystallites.

Together, our results demonstrate that even minimal low-energy mechanical process-
ing significantly degrades the material properties of interest for classical and quantum
signal-processing applications. Chemical fabrication methods, such as chemical syn-
thesis or etching may minimize the amount of amorphous-like behavior introduced
when fabricating micro- and nano-materials and lead to better optical coherence prop-
erties. This hypothesis is consistent with past structural and spectroscopic studies of
nanocrystalline LiNbO3 where powders produced by sol-gel methods had significantly
better properties than those produced by high-energy ball milling [46, [48], although

still not reaching the bulk crystal properties [49]. The detrimental effects of high an-
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nealing temperatures also suggest that lower temperature bottom-up synthesis may
be preferred. The demonstration of long coherence lifetimes in Eu:Y,03 nanopowders
produced using solvothermal methods confirms that at least some materials can be
fabricated with optical coherence properties approaching those of the bulk crystal
[39]. Based on the recent work on Nd:Y,SiO5 [40], we expect that focused-ion-beam
milling may also be successful in preserving the coherence properties of REI-doped
LiNbOs, potentially providing a suitable tool to fabricate micro- and nano-structures
for optical signal-processing applications. Nevertheless, further studies are required to
determine whether there are other fundamental limitations of material performance

when the crystal size is reduced to the nanoscale.
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Figure 5.16.: (a) Orientation dependence of the effective linewidth s in a 0.1%
Er3*:LiNbO3 bulk crystal measured at T = 1.6 K and B = 2 T. The
magnetic field orientation is rotated by an angle 6 from the c-axis of the
crystal. The inset shows an example echo intensity decay at 8 = 0 i.e.
B || ¢, where the fit of Eq. 5.9 gives T = 1/7Ty1 = 3.1 kHz. The red
solid line is an empirical polynomial fit to the experimental It (0) data.
(b) Decay of the echo area for the 0.1% Er®™:LiNbOj; reference powder.
The dashed line corresponds to a fit of a sum of two exponential decays
to the experimental data (black dots). The red solid line corresponds to
a calculation of the expected decay in the powder due to the orientation
dependence of I'eg in the bulk crystal.
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Figure 5.18.: Hole burning spectrum in 0.1% Er?*:LiNbO3 (powder #1) at T = 1.6 K
and B =2 T. Zero detuning corresponds to 1531.882 nm in vacuum.
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Figure 5.19.: Typical background-subtracted FID decay of the reference powder #1
at B=39 T, T = 1.6 K and waiting time ¢, = 5 us. Solid points are
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shows a magnification of the first 1 us of the decay.

133



a) % powder 1 | | 27T
800 powder 3
o powder 4
powder 5
600 m powder 6
e bulk

0.01 0.10 1 10
T (ms)

39T

0.01 0.10 1 10
T (Ms)
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5.5. Ildentification and suppression of the

direct-phonon process

After identifying methods that allowed us to fabricate small crystalline powders with
similar spectroscopic properties as a bulk material, we had to find materials that
are suitable for proof-of-principle experiments that show that phonon suppression is
indeed achievable in small structures and can lead to enhanced population lifetimes,
for both spin- and crystal field levels. As shown in chapter [4] for spin levels, the
direct phonon process can be easily identified by its magnetic field dependence. In
the case of crystal field levels this is not possible. However, if relaxation can be
inhibited in small materials, it must have been caused by the direct phonon process.
The following subsections will report on the observation of phonon-driven relaxation
between spin states in Tm3+:Y3Al50;5 and on the observation of suppression of spin

lattice relaxation between crystal field levels in small Th3*:Y3Al;0,5 powders.

5.6. Paper 4: Quadratic Zeeman effect and
spin-lattice relaxation of Tm?":Y;Al;0,, at high

magnetic fields

Physical Review B, 94, 205133, 22 Nov, 2016
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5.6.1. Summary

In Paper 4 we characterized the magnetic field and temperature dependence of spin
lifetimes in Tm3":Y3Al;015. A model that is in good agreement with the experi-
mental data and explains the different relaxation processes involved is presented. For
the first time, we observe the contribution of direct phonon process to the relaxation
between Zeeman states in Tm3T:Y3Al5015. The rate of the process increases, as ex-
pected, with the magnetic field to the fourth power and dominates relaxation at fields

above 3.5 T and temperatures below 2 K.

Furthermore, the paper characterizes the frequency shift of the optical transition
around 793 nm due to the quadratic Zeeman effect. The measurements were per-
formed for the different crystallographic sites that are occupied by the thulium ions
in the YAG matrix and for various orientations of the magnetic field. The results
are in good agreement with theoretical predictions that are also presented in the
manuscript. Knowledge about the orientation and site dependence of the optical
transition is of particular importance for any subsequent work on powders of that
material since any measurement will average over all possible field orientations and
all crystallographic sites in a randomly oriented powder material. We show that the
site dependent frequency shift provides a tool to spectrally select ions of different crys-
tallographic sites. In a randomly oriented powder, strong scattering also randomizes
the polarization of the probe light and each crystallite has its own orientation com-

pared to the external field. Thus the spectral selection is the only way to perform
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site selective spectroscopy in such a material.

The first measurements towards the identification of the direct phonon-driven relax-
ation in Tm*:Y3Als Q15 were performed by myself. Later measurements, including
the measurement of the site- and orientation-dependent shift of the optical transi-
tion and measurements at high magnetic field (> 2T) were performed by the first
authors with equal contribution. Lucile Veissier performed the data analysis for the
orientation- and site dependent measurements whereas I did the analysis of the spin
relaxation measurements. The first draft of the manuscript was written by Lucile

Veissier.
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Quadratic Zeeman effect and spin-lattice relaxation of Tm*":YAG
at high magnetic fields
Lucile Veissier'*T, Charles W. Thiel?, Thomas Lutz', Paul E. Barclay' Wolfgang
Tittel! and Rufus L. Cone 2
Lnstitute for Quantum Science and Technology, and Department of Physics &
Astronomy, University of Calgary, Calgary Alberta T2N 1N}, Canada
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T Present address: Laboratoire Aimé Cotton, CNRS-UPR 3321, Univ. Paris-Sud,
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*Corresponding author: lucile.veissier@u-psud. fr

Abstract: Anisotropy of the quadratic Zeeman effect for the 3Hg — 3H, transition
at 793 nm wavelength in 9Tm3"-doped Y3Al50;, is studied, revealing shifts rang-
ing from near zero up to + 4.69 GHz/T? for ions in magnetically inequivalent sites.
This large range of shifts is used to spectrally resolve different subsets of ions and
study nuclear spin relaxation as a function of temperature, magnetic field strength,
and orientation in a site-selective manner. A rapid decrease in spin lifetime is found
at large magnetic fields, revealing the weak contribution of direct-phonon absorption
and emission to the nuclear spin-lattice relaxation rate. We furthermore confirm the-
oretical predictions for the phonon coupling strength, finding much smaller values
than those estimated in the limited number of past studies of thulium in similar crys-
tals. Finally, we observe a significant — and unexpected — magnetic field dependence

of the two-phonon Orbach spin relaxation process at higher field strengths, which
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we explain through changes in the electronic energy-level splitting arising from the

quadratic Zeeman effect.

5.6.2. Introduction

Tm3":Y3A1501, (YAG) has been intensely studied and widely used for applications
ranging from photonic signal processing [Il, 2] and laser frequency stabilization [3] to
solid-state quantum memories [4, [5]. Indeed, the optical 3Hg — 3H, transition of this
material exhibits desired properties, such as long coherence lifetimes of up to 105 us
in zero field [6] and 300 us in a small magnetic field [7]. Furthermore, its wavelength
of 793 nm is easily accessible with commercial laser technologies. Another advantage
is the absence of hyperfine structure (and corresponding spin-flip sidebands) in zero
magnetic field for the single thulium isotope %*Tm, which has a nuclear spin of 1/2
and therefore no nuclear quadrupole structure; the absence of sidebands enhances
resolution in optical-microwave frequency spectrum analysis applications. An exter-
nal magnetic field lifts the degeneracy of spin states through the enhanced effective
nuclear Zeeman interaction [§], and optical pumping of those nuclear hyperfine states
provides long population storage lifetimes and enables many spectral hole burning
applications [9] 10, 11, 12].

In order to find optimal operation parameters for applications, characterization of the
orientation and site dependent properties such as spin-state lifetimes and magnitude
of the quadratic Zeeman shift is required. This is particularly important in the case

of Tm:YAG, since due to the cubic symmetry of the YAG crystal structure, the
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lattice contains six classes of thulium sites that have the same point symmetry but
different local orientations relative to externally applied electric and magnetic fields
[13] (see Fig. [5.21)). Because of a large anisotropy in the magnetic properties of the
thulium ions, many spectroscopic properties depend strongly on the orientation of
the applied magnetic field and, as a result, different behavior can be observed for ions
at each of the six magnetically-inequivalent sites. In particular, this site dependence
has been observed for the thulium nuclear spin-state lifetimes [12]. In addition, the
quadratic Zeeman effect, caused by the mixing of the crystal field levels due to the
applied magnetic field, shifts the energy levels in both the ground and excited states,
leading to a shift of the optical transition that is expected to be strongly orientation
and site dependent. Finally, by observing the properties at higher magnetic field
strengths, physical mechanisms with different field sensitivities may be separated and
unambiguously identified, improving the general understanding of material properties.
This paper is arranged as follows. After outlining the theoretical background, the
orientation dependence of the optical transition frequency is experimentally charac-
terized and compared to the theoretical prediction. We also measure the spin-lattice
relaxation of the thulium sites with the longest hyperfine lifetime as a function of
the magnetic field strength and temperature. We identify the contribution from the
direct phonon process, finding that it only becomes larger than the two-phonon Or-
bach relaxation process for fields greater than 4 T - this holds even at temperatures
below 2 K. These results reveal that the phonon coupling strength in Tm:YAG is
much smaller than what has been previously estimated for thulium in other hard

oxide crystals, suggesting that past measurements [16, 17, [I8] were limited by other
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Figure 5.21.: Orientation of the six different sites of Tm?®" ions in the YAG crystal
lattice [14], 15]. Fach parallelepiped represents the orientation of the
local Dy point symmetry for a subset of sites. The specific set of x, ¥,
and z axes labeled in the diagram correspond to the local frame of site
1. In our experiment, the light propagates along [110] and the magnetic
field is applied in the plane defined by [110] and [001], forming an angle
0 with the [111] axis. Because of the Dy point symmetry of the sites,
the electric transition dipole moment for the specific ground and excited
states involved in the 793 nm optical transition is aligned along the local
y axis. The gyromagnetic tensor 7y, orientation is also determined by
the local frame.

relaxation mechanisms such as paramagnetic impurities.

5.6.3. Quadratic Zeeman shift
5.6.3.1. Theoretical background

When studying properties of rare-earth transitions at higher external magnetic field
strengths (generally B > 1 T), one must consider the second-order mixing of crystal-
field wavefunctions due to the quadratic Zeeman effect. Here we study this effect in

order to be able to predict the position of energy levels and transition frequencies at
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different magnetic fields up to 6 T. Furthermore, as we will show later, in the case of
Tm:YAG the anisotropy of the quadratic Zeeman effect allows us to spectrally resolve
different subsets of ions.

For a Tm3* ion in a crystal matrix, the Hamiltonian is given by

H = Hpi+ Hep + Hur + Ho+ Hez + Hyyz (5.17)

where the first two terms are the largest, corresponding to the free ion and the
crystal field coupling. Consequently, the wavefunctions of the system can be expressed
by the eigenstates of these two terms together, and the other terms, namely the
hyperfine, nuclear quadrupole, electronic and nuclear Zeeman interaction, are treated
as perturbations [I9]. The Tm3* ion is a non-Kramers ion that sits at a site with
D, point symmetry in the YAG lattice, resulting in a singlet electronic ground state.
Consequently, the electronic angular momentum J is effectively quenched to first
order and the hyperfine structure is given by second-order terms [20]. Taking into
account the 1%Tm nuclear spin of 1/2, the effective Hamiltonian corresponding to

the last four terms in Eq. is

Heff:_QAJQJNBB'A'I_f)/nB'I_g?INI%B'A'B7 (5'18>

where A; is the magnetic hyperfine constant, g; is the Landé factor of the electron,
up is the Bohr magneton, B the applied magnetic field, I the nuclear spin, and ~, the

nuclear gyromagnetic ratio. The tensor A, expressed in second-order perturbation
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theory is

{01Ja|n) (n|J5|0)
WEDD T & (5.19)
n#0

The sum is performed over the crystal field levels, which have energy FE,,.

The first term of Eq. describes the second order coupling between the hyper-
fine interaction and the electronic Zeeman effect. Together with the second term,
the nuclear Zeeman interaction, they form the so-called enhanced nuclear Zeeman

interaction, which can be re-written as [21]

HenZ = _h(/YJ,mBm]:p + /YJ,yBny + ’YJ,szIz)
(5.20)
24,918 Maq

with v74 = M + 3 ,
where o = z,y or z. In case of the Dy symmetry of the yttrium ion sites in YAG,
the A-tensor is diagonal in each local frame (x,y,z). This interaction leads to the
splitting of the crystal field levels into spin states that are involved in persistent hole
burning [10]. The effective gyromagnetic tensors v, have been estimated theoretically
for the ground and excited states of the optical *Hg — 3Hy transition [21], and their
components have been measured experimentally [22], 23]. These v; components are
approximately 10 times larger in the ground state than in the excited state, which
leads to much larger hyperfine splittings in the ground state.

The last term of Eq. corresponds to the second-order, or quadratic, electronic
Zeeman interaction that results from the magnetic-field-induced mixing of the elec-

tronic crystal field wavefunctions. As the third crystal field level of the ground state

is far from the lowest two levels, with an energy of 216 cm™! or 4.63 THz, its con-
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tribution is negligible, so that this effect can be viewed as simple mixing between
the lowest two crystal field levels. Because of this interaction, the applied magnetic
field induces a weak magnetic moment, called Van Vleck paramagnetism, [26] that
shifts the energy of each crystal field level in both the ground and excited states, as
illustrated in Fig. |5.22, This then leads to a frequency shift of the optical transition
that is proportional to B? in the regime where the shifts are much smaller than the
crystal field splittings.

Because a large enhancement of the effective nuclear moment arises from the coupling
of the nuclear spin to the induced electronic paramagnetism [], the quadratic Zeeman
interaction can be directly related to the resulting hyperfine splittings [20]. Thus, the
energy displacement can be written in terms of the effective gyromagnetic tensor of

the enhanced nuclear Zeeman interaction v,

gsuB 2
D; = s — To) B
1= 94, (Vs — ) B2

(5.21)
+ (Yo — ) By + (72 — ) BZ] -

Finally, the frequency shift on the optical transition is given by A = (D, — D.)/h
where g and e denote the ground and excited state, respectively. Because of the re-
lation between excited and ground state hyperfine splittings and quadratic Zeeman
effects, the observed hyperfine splittings can be used to infer the relative magnitude
of the ground and excited state quadratic Zeeman effects. Moreover, since the com-
ponent 7y, is much larger in the ground state than in the excited state while the

two other components of ; are of the same order of magnitude [21], the quadratic
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Zeeman effect in the ground state is the largest contribution to the shift A of the
optical transition. With this approximation, one should observe A(B) ~ Acr(B)/2,

with Acp(B) the crystal field transition frequency (see Fig. [5.22)).

5.6.3.2. Measurements of the inhomogeneous line

All measurements were performed on Tm?*":YAG bulk crystals from Scientific Mate-
rials, with doping concentrations of either 0.1 or 1 %. The sample was cooled in an
Oxford Instruments Spectromag cryostat through helium exchange gas. Our setup
provided magnetic-field strengths of up to 6 T and sample temperatures T down to

1.6 K.

5.6.3.3. Magnetic field strength dependence

We first studied the properties of the inhomogeneously broadened 3Hg — *H, ab-
sorption line (see Fig as we varied the magnetic field strength for a specific
orientation of the magnetic field relative to the crystal. We initially chose to apply
the magnetic field B along the [111] crystallographic axis (see Fig. [5.21)). In this
case, the sites 1, 3, and 5 are magnetically equivalent, and the sites 2, 4, and 6 are
magnetically equivalent. The light probing the medium with the k vector along [110]
was linearly polarized with the electric field vector E parallel to the [111] axis. In
this case, the electric transition dipoles u of site 2, 4, and 6 ions are orthogonal to the
light polarization and thus only ions of sites 1, 3, and 5 are addressed (all featuring
identical Rabi frequencies).

High resolution measurements of the inhomogeneous line were performed by scanning

153



a New Focus Vortex laser with ~ 1 MHz linewidth over the 3Hg — 3H, transition.
The scans were calibrated via a Fabry Perot cavity with a free spectral range of 97
MHz. At zero magnetic field, the inhomogeneous line, shown in Fig. |5.23[(a), exhibits
a Lorentzian shape with a full width at half maximum of 17 GHz, a center frequency
of vy = 377868 GHz (793.3788 nm) and a peak absorption coefficient of 2.3 cm™'.
When we applied a magnetic field along the [111] axis, the inhomogeneous line was
shifted by A, as shown in Fig. 5.23| (b) where B =3 T and A = 42.7 GHz.

We then quantified the shift of the inhomogeneous line center frequency as the mag-
netic field strength B was varied, as shown in Fig. [5.24] The experimental data were
fitted by the quadratic function A(B) = v, B?, yielding a coefficient v, = 4.69 4 0.03
GHz/T?. From Eq. , the energy displacements of the ground and excited states
were calculated, using the known values of A; for *9Tm?* [2I] and the experimen-
tally measured components of v [22]. This leads to an expected value of 4.2 GHz/T?,
which is in agreement with the experimental one, supporting the validity of our model.
In addition to a shift in the transition energy due to the Zeeman effect, we also
observed a nonlinear increase in the inhomogeneous linewidth I'y,,. A quadratic
increase in I'j,), is expected due to the inhomogeneous broadening at zero field and
the resulting spread of energy splittings in Eq. It is straightforward to show that
if I'cp is the inhomogeneous broadening of the energy level splitting Acr between the
two crystal field levels mixed by the quadratic Zeeman effect with a magnitude of

~Ycr, then the contribution to the optical inhomogeneous broadening will simply be

r
ATy, = JCF2CF g2 (5.22)
Acr

154



Using our values of y¢r and Agp, obtained from measurements described in subse-
quent subsections, we found that the observed coefficient of 0.28 GHz/T? would result
entirely from the quadratic Zeeman effect assuming an inhomogeneous broadening of
the crystal field energy level splitting of 27 GHz, which is within the range expected
for this parameter, suggesting that this mechanism could explain the broadening.

Finally, a significant decrease in the integrated linestrength k& of the absorption was
observed at higher fields. This effect likely results from a change in transition strength
caused by the mixing of crystal field wavefunctions through the quadratic Zeeman

effect. Consequently, we fit the measurements to a B? dependence, giving a coefficient

of -1.3 GHz ecm™! T2,

5.6.3.4. Orientation dependence

Transmission spectra were obtained by probing the optical *Hg — 3H, transition
at 793 nm with broadband light from a tungsten-halogen lamp, and analyzing the
transmitted light with an Advantest Q8347 optical spectrum analyzer with 900 MHz
frequency resolution. A constant magnetic field of 6 T was applied, and the crystal
was rotated to vary the orientation of the magnetic field by 90° within a plane defined
by the [111] and [112] crystal axes; the axis [001] is also contained in the plane (see
Fig. [5.21)). The angle 6 denotes the angle between B and the [111] axis. The light
propagated along [110], with polarization either along [111] or [112]. With E || [111],
the electric transition dipoles p of site 2, 4, and 6 ions are orthogonal to the light
polarization and thus only ions of sites 1, 3, and 5 were addressed with identical Rabi

frequencies. With E || [112], the electric transition dipole of site 2 is orthogonal to
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the light polarization, and the ratio p- E/(uF), which is a measure of the interaction
strength, is v/3/2 = 0.87 for sites 4 and 6, 1/v/3 & 0.58 for site 1, and 1/(2v/3) =~ 0.29
for sites 3 and 5.

Fig. [5.25| shows the obtained spectra, where zero frequency detuning was defined as
vy = 377868 GHz. The individual spectra were fit to extract the frequency shift
A. For panel (a), the spectra were recorded with the probe light polarized along
[111], exciting only the ions of sites 1, 3, and 5. These three sites are magnetically
equivalent for B || [111], and the first spectrum shows that they experience a large
shift of about 150 GHz for = 0. As the magnetic field moved away from the [111]
axis, two different lines were observed, one corresponding to site 3- and 5-, the other
to site 1-ions. For panel (b), the spectra were recorded with the polarization of the
probe light along [112], i.e. addressing mainly the ions of sites 4 and 6. The ions of
those two sites are magnetically equivalent as long as the magnetic field is applied in
the plane defined by the [111] and [112]. Thus, they experience the same frequency
shift, which is zero for B || [111] and reaches its maximum of around 160 GHz for
B || [112]. With this polarization, the interaction with sites 1, 3, and 5 is significantly
reduced so that their absorption lines are only weakly visible in the spectra.

All frequency shifts obtained for the different configurations are shown in Fig. |5.26
as a function of the angle of the magnetic field 6. Due to the limited precision of the
mechanical rotation mount used to hold the crystal, the uncertainty in the magnetic
field angle was + 2° . For each site, the energy displacements of the ground and excited
states were determined from Eq. using the known values of A; for %9Tm3*

ions [2I] and the experimentally measured components of v, [22]. The theoretical
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orientation dependence of the shift is also plotted in Fig. [5.26] Experimental and
semi-theoretical values are in relatively good agreement.

Our study revealed that at magnetic field strengths of a few Tesla and for certain
orientations of the field, site-selectivity by tuning the laser frequency to follow the
corresponding quadratic Zeeman shifts is possible e.g. by tuning the laser by 160
GHz from 1y mainly ions at sites 4 and 6 will be selected at a field of 6 Tesla. Due
to its independence of polarization, this method to select different ions is beneficial if
one has random polarization, for example when working with powders that scramble

polarization through scattering [27].

5.6.4. Nuclear spin-state lifetimes

The above characterization of the quadratic Zeeman shift was employed to study the
lifetimes of the spin states in a high magnetic field. Using persistent spectral hole
burning methods, we monitored the relaxation of optically pumped non-equilibrium
spin populations [19]. Light from a Coherent 899-21 Ti:Sapphire laser was sent to
the sample for 100 ms to burn a spectral hole. After a variable wait time, the laser
was scanned across 180 MHz in 250 us via a double-passed 200 MHz acousto-optic
modulator to probe the spectral hole. The power of the laser beam focused into the
crystal was ~ 10 uW. After the sample, the transmitted pulse was measured with a
New Focus 2051 detector. The decay of the spectral hole area as a function of the

waiting time enables one to obtain the lifetime of the spin states, which can be as

long as hours for Tm3*:YAG at 1.6 K.
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5.6.4.1. Orientation dependence

The spin-state lifetime 77 at B = 6 T and T' = 1.6 K was first measured in a
1% Tm:YAG crystal for different orientations of the magnetic field and light polar-
ization relative to the crystal. The frequency of the laser was tuned to follow the
inhomogeneous line of the investigated transitions, according to each line’s different
quadratic Zeeman shift. The polarization direction of the light was kept either along
the magnetic field or perpendicular to it. Table [5.5| shows the spin-state lifetimes T}
for the different configurations of laser frequencies, magnetic field orientations, and
polarizations.

We observed that the spin-state lifetime significantly changes as a function of the
magnetic field orientation and depends on which subset of sites are addressed. The
longest T} were found for the subset of ions at sites 1, 3, and 5, in the configuration
in which they are magnetically and optically equivalent and experience a large shift
of the optical transition due to the quadratic Zeeman effect, i.e. B || E || [111]. In
this case the spin-state lifetime is ~ 1/2 hour, whereas it is only 20 s for sites 4 and
6 with the same magnetic field strength and orientation. This suggests that different
processes dominate the spin-relaxation depending on the site. In the E configuration
(see Table , the projection of the g-tensor of sites 4 and 6 on the magnetic
field direction is small [22]. In this case, the process responsible for spin-relaxation
could be mutual spin flips caused by the magnetic dipole-dipole interaction between
Tm3" ions and other nuclear spins in the lattice [28], or relaxation induced by trace

paramagnetic impurities in the crystal [29] 30, [31]. In the following, we focused on
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label | sites B and E shift T
A 1,3,5 B | E| [111] 153 GHz | 32 4+ 2 min.
B 3,5 30° from [111] 160 GHz | 17 & 1 min.
C 3,5 B || E || [001] 120 GHz | 7 £ 0.5 min.
D 4,6 B E]| [112] 165 GHz | 23 &+ 3 min.
E 4,6 | B [111], E | [112] | 0 GHz 20+ 1s

Table 5.5.: Nuclear spin-state lifetimes for ions at different sites in a magnetic field
of 6 T and at 1.6 K in 1 % Tm?*":YAG. Each measurement is labeled and
displayed in Fig. [5.26

the subset of ions at sites 1, 3, and 5 in order to understand the spin-relaxation

mechanisms that limit the longest nuclear spin-state lifetimes.

5.6.4.2. Spin-lattice relaxation

Next, the nuclear spin-state lifetime was studied for ions at sites 1, 3, and 5, which
offer the longest relaxation time (see above). We used the configuration in which
they are optically and magnetically equivalent, i.e. with the magnetic field and the
light polarization along [111]. For this experiment we chose a lower concentration
0.1% Tm3T:YAG crystal. The frequency of the laser was adjusted to follow the shift
of the optical transition due to the quadratic Zeeman effect as B was increased. We
investigated the temperature and magnetic field dependences of the nuclear spin-state
lifetime for 1.6 K <7 <45 Kand 0 T < B <6 T, as shown in Fig. [5.27] and
[£.29] For this range of parameters, we identified two processes limiting the spin-state
lifetime: the direct single-phonon process, and the two-phonon Orbach process. As
we will describe below, the direct phonon process, which results from the absorption
or emission of a phonon resonant with the hyperfine splitting in the ground state, is

dominant at low temperature and high magnetic field. The Orbach process, in which
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two higher energy phonons induce relaxation by driving transitions to and from other

electronic crystal field levels, is dominant at higher temperature.

5.6.4.3. Temperature dependence

Two regimes of relaxation are easily visible in Fig.[5.27], which depicts the temperature
dependence of the spin-relaxation rate R, i.e. the inverse of the nuclear spin-state
lifetime T7, at a magnetic field of 3 T. For temperatures above 2 K, the relaxation rate
increases very rapidly, which is characteristic for a relaxation mechanism involving two

phonons. Indeed, the rate of the Orbach process varies as ~ e Acr/ksT

, where Acp
is the transition frequency between the two lowest crystal field levels, h is the Planck
constant and kg is the Boltzmann constant [32]. Below T' = 2 K, the spin relaxation
rate increases linearly with temperature, characteristic of the direct phonon process.
However, the temperature dependence of the spin-relaxation rate is not sufficient
to identify the direct phonon process since other mechanisms, such as the magnetic
dipole-dipole interaction between rare-earth ions that leads to mutual spin flips, can
also have a linear temperature dependence [33]. More generally, interactions with
paramagnetic impurities in the host matrix can also give rise to a linear temperature
dependence of the spin relaxation rate [29, B0, B1]. However, the magnetic field

dependence of the nuclear spin-state lifetime allowed us to unambiguously identify

the direct process, as detailed below.
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5.6.4.4. Magnetic field dependence at 1.6 K

To identify the direct phonon process, we studied the nuclear spin-state lifetime as
a function of the magnetic field strength B at low temperatures, i.e. below 2 K.
When the thermal energy is much larger than the level splittings, as in the case
considered here, the magnetic field dependence of the direct phonon process is B2
for non-Kramers ions and B* for Kramers ions [32]. Since the enhanced nuclear
Zeeman splitting of the spin 1/2 states of 1 Tm3" arises from the induced electronic
paramagnetism [§], the spin-lattice relaxation is thus expected to be proportional to
B*. TFig. shows the spin relaxation rate at 7' = 1.6 K, which increases with the
magnetic field strength as B* We can thus confirm that the direct phonon process

dominates the spin relaxation of Tm:YAG at 1.6 K and magnetic field above 3 T.

5.6.4.5. Magnetic field dependence at 4 K

We also investigated the spin relaxation rate at 7' = 4 K, a temperature at which
the Orbach process is dominant. The rate of this process is generally expected to be
independent of magnetic field because it depends only on the energy spacing between
the crystal field levels. The experimental points are shown in Fig. [5.29] and exhibit
a slight increase between 1 and 3 T, followed by a decrease. As we describe below
in more detail, this behavior can be explained by taking into account the increase in
the energy splitting of the two lowest crystal field levels due to the quadratic Zeeman
effect, as shown in Fig. At magnetic fields below 0.03 T, the spin relaxation

seems to slow down with decreasing field, which may indicate a modification of the
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Orbach mechanism at small magnetic fields. However, further investigations in this
region of weak magnetic fields would be required for a better understanding of this
behavior, and we model in the following the relaxation rate observed for magnetic

fields above 0.03 T.

5.6.4.6. Model

Following the conclusions from the above discussion, we assume that for our range of
parameters (1.6 K <7 <45 Kand 0 T < B <6 T), the spin relaxation rate can be

written as

OéQ(B)
ehAcr(B)/ksT _ 1~

R(B,T) =Ry +apy*B*T + (5.23)

with ao(B) = a + B? and Acr(B) = Ay + verB% The first term corresponds
to the residual relaxation at zero magnetic field and temperature. The second term
describes the direct phonon process [32], with the coefficient ap depending on the
properties of the host material such as the speed of sound and crystal density, and
v represents the effective nuclear gyromagnetic ratio (in frequency units) along the
magnetic field direction for the ground state hyperfine levels, equal to 329 MHz/T
in this orientation [22]. This term is valid for 7B < kgT', which is the case for our
measurements. The last term corresponds to the Orbach process, with a coupling
coefficient ap that depends on the splitting Acr [32]. To take into account the shift
of the transition between the crystal field levels arising from the quadratic Zeeman
effect, we include the corresponding B? dependence in the coupling coefficient ap and

in the energy difference Acp.
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Ry 9.5 x 107° Hz
ap | 1.8 x 107 (Hz K T?)~!
o} 3.0 x 10* Hz
3 13x 10" Hy T 2
AT, 8.3 x 101 Hz
~oF 8.0 x 10° Hy T2

Table 5.6.: Parameters obtained from the 2-dimensional fit of the experimental spin
relaxation rate data by Eq. |5.23]

We simultaneously fit the three experimental data sets shown in Figures and
[5.29 using a two dimensional fit, with the magnetic field and temperature as variables,
to our model describing the relaxation. We obtained the set of parameters
given in Table 5.6 which describes all of the observed behavior well. From this fit
we find a direct phonon coefficient of ap = (1.8 £ 0.4) x 1072* (Hz K T?)~'. We
compare this result to theoretical estimates using the method of Bleaney et al [30].
In their approach, the electron-phonon coupling matrix elements are approximated

by order-of-magnitude estimates, giving the simple analytical relation

2412 kpry?

s (5.24)

ap

where p is the crystal density, and v is the average acoustic phonon velocity. For YAG,
the density is p = 4564 kg/m? [34] and the longitudinal and transverse acoustic veloc-
ities are v; = 8600 m/s and v; = 5000 m/s [35]. If we approximate v by the acoustic
velocity averaged over the single longitudinal mode and the two transverse modes,
then, for our field orientation where v = 329 MHz/T, Bleaney’s approach predicts a
direct phonon coefficient on the order of 10720 (Hz K T?)~!, somewhat smaller than

our observed value but within the range expected considering the approximations
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involved in the theoretical estimate.

The only cases that we are aware of in which direct phonon relaxation has been
suggested for 19Tm3* have been related to studies of TmPO4 and TmVO, materials
for nuclear cooling applications [16] (17, 18]. In these works, the observed relaxation
rates require exceedingly large phonon coupling coefficients of 6 x 107! (Hz K T?)~! in
TmPO, [17] and 4 x 107® (Hz K T?)~! in TmVO, [17]. It was subsequently proposed
that the observed relaxation was due to paramagnetic impurities rather than phonon
interactions [30, B1], although explanations in terms of phonon bottleneck effects
were also proposed [I8]. Considering the small value of ap observed in our work
and the reasonable agreement of this value with theoretical predictions, our results
support this conclusion. Thus, to the best of our knowledge, there have been no other
unambiguous observations of direct phonon relaxation of the nuclear hyperfine states
of 199Tm3* other than the ones presented here for Tm3T:YAG.

Our fit of Eq. results in a value of 0.83 THz for the crystal field level transition
frequency Acr, in agreement with the value of 0.81 THz usually cited in the litera-
ture from direct spectroscopic measurements [36]. Furthermore, we found yop = 8.0
GHz/T? for the coefficient of the quadratic Zeeman shift of the splitting between the
first two crystal field levels in the *Hg ground state. As discussed in the theoretical
subsection, it is likely that the shift of the optical transition would be mainly due
to the splitting between the crystal field levels in the ground state, and so that the
coefficients would be approximated by ycr ~ 272 ~ 9 GHz/T?. The value given by

our fit is very close to this limit, supporting our analysis.
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5.6.5. Conclusion

In summary, we characterized the shifts of the optical *Hg — 3H, transition in
Tm3":YAG resulting from the quadratic Zeeman effect for the ground and excited
states in large magnetic fields. The orientation dependence of the shifts is in agree-
ment with the theoretical predictions. A coefficient of 4.69 GHz/T? is measured in
the case where the sites 1, 3, and 5 are optically and magnetically equivalent. This
shift provides a tool to spectrally select ions at different sites.

We furthermore measured the spin lifetimes for different sites and orientations of the
magnetic field, with a maximum value observed for sites 1, 3, and 5 when they are
optically and magnetically equivalent. In that configuration, the spin lifetime was
investigated as a function of magnetic field strength and temperature, enabling us to
identify the processes responsible for spin relaxation, i.e. the direct phonon process
at low temperature (7" < 2 K) and high magnetic field (B > 3 T), and the Orbach
process at higher temperature (7' > 2 K) and fields up to 6 T. We also found that
the small increase in the energy splitting of the electronic crystal field levels due to
the quadratic Zeeman effect can result in a significant decrease in the two-phonon
Orbach process rate at low temperatures, introducing a magnetic field dependence
into the otherwise field-independent relaxation process. Consequently, it is essential
to consider this additional effect when analyzing spin-lattice relaxation of this and
other rare-earth ions at higher magnetic field strengths. This finding potentially also

affects the interpretation of past spin relaxation studies at low temperatures.
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Figure 5.22.: Simplified energy level structure of Tm?*":YAG, relevant for our study.
Represented are the two lowest crystal field levels of the *Hg and *Hy
multiplets [24, 25]. In an external magnetic field, the crystal field level
energies vary as B? due to the quadratic Zeeman effect, with differ-
ent coefficients for each level. As a consequence, the optical transition
SHe(1) — *Hy(1), which has a zero-field frequency of vy, is shifted by
A(B). The frequency Acr, corresponding to the transition between the
two crystal field levels in the ground state, also varies as B2.
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Figure 5.23.: Inhomogeneous line of a 0.1 % Tm3":YAG crystal (a) at zero magnetic
field and T'= 2 K, and (b) with a 3 T magnetic field along [111] and at
T = 5 K. A narrowband laser probed the medium with k || [110] and
E || [111] (see main text for definitions). The experimental points were
fit by a Lorentzian function with a full width at half maximum I';,, = 17
GHz at zero magnetic field. The center frequency is vy = 377868 GHz,
and the absorption coefficient is ag = 2.3 cm™!. Because of polarization
imperfections, the probe light slightly interacted with ions at sites 2, 4,
and 6 that do not experience any shift for B || [111]. In consequence,
the model includes two Lorentzian functions for B = 3 T. The shift A
of the strongest line corresponding to ions at sites 1, 3, and 5 is 42.7
GHz.
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Figure 5.24.: Magnetic field dependence of several inhomogeneous line properties of
a 0.1 % Tm3*":YAG crystal at T = 5 K and with B || E || [111]. (a)
Frequency shift A as a function of the magnetic field strength B. The
experimental points were fit by a quadratic function, giving a coefficient
Yo = 4.69 £ 0.03 GHz/T?. (b) Observed nonlinear increase in the inho-
mogeneous linewidth I';,, as a function of the magnetic field strength B.
The experimental points were fit by a B? dependence, giving a broad-
ening coefficient of 0.28 GHz/T?. (c) Observed nonlinear decrease in
the integrated transition linestrength k as a function of the magnetic
field strength B. The experimental points were fit by a B? dependence,
giving a coefficient of -1.3 GHz cm ™! T2
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Figure 5.25.: Transmission spectra for various angles 6 of magnetic field with respect
to the [111] crystal axis in the plane defined by the [111] and [112], of a
1% Tm3*T:YAG crystal at 1.6 K. The strength of the applied magnetic
field was 6 T. The polarization of the probing light was (a) along [111],
leading to interaction with ions of sites 1, 3, and 5, and (b) along [112]
leading to interaction with ions of sites 4 and 6.

170



150

Figure 5.26.: Frequency shift A as a function of the magnetic field angle § at B =6 T
for ions of the site 1 (blue), sites 3 and 5 (yellow), and sites 4 and
6 (green), extracted from the transmission spectra shown in Fig. [5.25]
The experimental points are presented together with the expected values
(solid lines). The points labeled by letters (A-E) identify configurations
for which the spin-state lifetime was measured (see Table
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Figure 5.27.: Spin-lattice relaxation rate as a function of the temperature 7" for B = 3
T in 0.1% Tm:YAG for ions of sites 1, 3, and 5. The magnetic field and
the light polarization were along [111], and ions of sites 1, 3, and 5 were
thus optically and magnetically equivalent. The experimental points

were fit by Eq. with the parameters given in Table
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Figure 5.28.: Spin-lattice relaxation rate as a function of the magnetic field strength B
at T = 1.6 Kin 0.1% Tm:YAG for ions of sites 1, 3, and 5. The magnetic
field and the light polarization were along [111]. Tons of sites 1, 3, and
5 were optically and magnetically equivalent. The experimental points
were fit by Eq. m with the parameters given in Table
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Figure 5.29.: Spin-lattice relaxation rate as a function of the magnetic field strength B
at T =4 K in 0.1% Tm:YAG for ions of sites 1, 3, and 5. The magnetic
field and the light polarization were along [111], so ions of sites 1, 3, and
5 were optically and magnetically equivalent. The experimental points

were fit by Eq. with the parameters given in Table
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5.7. Paper 5: Madification of relaxation dynamics in

Tbh3*:Y;Al;0;, nanopowders

submitted to Physical Review B November 2017

5.7.1. Summary

In Paper 5 we demonstrate that population dynamics can indeed be modified in small
powder materials in a way that is consistent with phonon suppression. Modifications
of population dynamics in REI-doped nanocrystals have previously been reported by
Meltzer etal. [59 [60], Liu etal. [61] and Mercier etal. [62], and it was suggested
that they may be due to phonon suppression. However, the used particles were not
always sufficiently small to suppress phonons at the desired frequencies, and some
observations are consistent with explanations based on locally elevated temperatures
caused by the optical excitation of the powder materials. Furthermore, most of these
manuscripts do not include details on powder characterization measurements. Thus
the demonstration of phonon suppression in small particles remains an open chal-
lenge. In this manuscript, we address each of these points in an attempt to show

phonon suppression in powder materials.

For our measurements, we chose to investigate relaxation between closely spaced crys-
tal field levels in the excited state of Th3+:Y3Al;05. Firstly, the transition between
such levels is expected to be driven predominantly by the direct phonon process and

thus there is no need for high magnetic fields as in Tm?**:Y3Al;015. In addition, the
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small splitting of ~ 35 GHz between the crystal field levels together with the high
speed of sound in Y3Al50;5 (6400 m/s) allows one to suppress resonant phonons with
relatively large particles of ~ 100 nm diameter. Finally, crystal field levels are more
robust than spin states with respect to perturbations in the host matrix that are

caused by fabrication methods.

We fabricated Th3:Y35Al;0;5 powders with different crystal sizes ranging from ~ 40 nm
to > 500 nm. The powders were obtained through various chemical syntheses in order
to achieve fine size control and avoid crystal damage caused by mechanical process-
ing. In addition, we employed thermal annealing methods to further improve the
quality of the synthesized powders. The resulting powders were then carefully char-
acterized using a scanning electron microscope, transmission electron microscope and
x-ray diffraction techniques. These techniques showed that the powders have the cor-
rect crystal phase and that the particle size can indeed be controlled as we expected.
However, spectroscopic measurements showed an increased inhomogeneous linewidth
in the smallest powders that might lead to phenomena that can be wrongly inter-
preted as signatures of phonon suppression. We analyzed this effect and show that in
our case we can nevertheless observe signatures of phonon suppression. In addition,
we directly obtained the local sample temperature through absorption measurements
and ensured that none of our findings can be explained by sample heating.

Through time-resolved fluorescence measurements we showed that the contribution
of fast non-radiative relaxation from the upper into the lower crystal field level de-

creases with decreasing particle size as expected since phonons driving non-radiative
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transitions should be suppressed in the smallest particles. To asses whether or not
phonon-driven transitions between the crystal field levels are completely forbidden,
we performed a second measurement and recorded the temperature dependence of
the relative populations in the upper and lower crystal field level after optical pump-
ing. If transitions between the levels are absent, the ratio of populations should be
independent of temperature. However, our measurements show a temperature de-
pendence that is identical to that of the bulk crystal for all our powders. Thus, even
though phonons are potentially suppressed, a different non-radiative process must
facilitate transitions between the levels. This process could arise from crystal defects
or surface imperfections, even though significant effort was dedicated to achieve the

best possible nanocrystal quality.

The manuscript concludes that it is imperative to carefully characterize the fabri-
cated powders and to directly measure the sample temperature to unambiguously
demonstrate phonon suppression. Furthermore, powder fabrication and annealing
methods must be improved to avoid additional relaxation processes and increased
inhomogeneous broadening related to imperfect host materials. As described in the
manuscript, there are many technical difficulties that are related to measurements of
powder materials and, furthermore, REIs are very sensitive to imperfections in their
host materials. Therefore, for future investigations, we decided to use different ma-
terials that allow measurements on single emitters, which would avoid the problem
of ambiguities due to inhomogeneous broadening, and that can be fabricated using

modern nanofabrication tools. Initial experiments with individual silicon vacancy
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centers in diamond are presented in the next section.

The experiments presented in this manuscript were performed by the first two authors
with equal contributions. Simulations of phonon suppression in small powder mate-
rials were performed by myself. Absorption and thermalization measurements were
analyzed by myself whereas the time-resolved fluorescence data was analyzed together

with Lucile Veissier. The first draft was jointly written by the first two authors.
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Modification of relaxation dynamics in Tb3":Y3Al;0,, nanopowders
Thomas Lutz', Lucile Veissier', Philip J. T. Woodburn?, Rufus L. Cone?, Paul E.
Barclay ', W. Tittel', Charles W. Thiel?

Lnstitute for Quantum Science and Technology, and Department of Physics &
Astronomy, University of Calgary, Calgary Alberta T2N 1N4, Canada
2Department of Physics, Montana State University, Bozeman, MT 59717 USA
T Present address: Laboratoire Aimé Cotton, CNRS-UPR 3321, Univ. Paris-Sud,

Bat. 505, F-91405 Orsay Cedex, France

Abstract: Nanostructured rare-earth-ion doped materials are increasingly being in-
vestigated for on-chip implementations of quantum information processing protocols
as well as commercial applications such as fluorescent lighting. However, achieving
high-quality and optimized materials at the nanoscale is still challenging. Here we
present a detailed study of the restriction of phonon processes in the transition from
bulk crystals to small (< 40 nm) nanocrystals by observing the relaxation dynam-
ics between crystal-field levels of Th*:Y3Al;015. We find that the dynamics are
modified as the particle size is reduced, consistent with our simulations of inhibited
relaxation through a modified vibrational density of states and hence modified phonon
emission. On the other hand, we were not able to observe a change in the thermal
population distribution among the crystal-field levels in the powders, indicating that
non-radiative processes other than phonons are present, causing transitions and rapid

thermalization between the levels on a timescale of <100 ns.
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5.7.2. Introduction

Crystalline materials doped with impurities such as rare-earth-ions (REI), or diamond
silicon-vancancy (SiV) and nitrogen-vacancy (NV) centers, have found many appli-
cations in fields as diverse as quantum information processing [1l 2 [3, 4], quantum
memories [5, [6 [7], sensing [8], lasers [9], and phosphors [10, I1]. Nanometer-sized
structures fabricated from these materials have begun to be investigated for on-chip
implementations of these applications. In addition, small-sized nano-phosphors are
desired for high-quality window materials used in lamps as well as for state-of-the-art
displays [12], [13]. Finally, nano-powders have also been proposed for optical refrig-
eration applications where their modified phonon spectrum and particle morphology
could enhance the cooling efficiency [14].

Nano-materials can be obtained through different routes: nano-structures can be
milled or etched from high-quality bulk materials, and nanocrystals can be obtained
through chemical synthesis, mechanical crushing, or ablation techniques. The tran-
sition to nano-sized structures generally introduces detrimental effects such as poor
crystal quality, surface effects, and amorphous behavior that can severely restrict
practical applications [I5, [16]. While some of these effects, such as the increasing
surface-to-volume ratio, are fundamental, others can be minimized by optimizing
the fabrication process [15]. Indeed, in some cases, both chemical synthesis as well
as fabrication methods starting with bulk materials produced high-quality materi-
als [17, [I8]. However, none of those structures have allowed studying the effects of

decreasing dimensions on phonon-mediated population dynamics. Furthermore, a
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general procedure for achieving consistently high-quality nano-materials is still un-
known and many open questions remain regarding the transition to smaller sizes,
requiring further systematic studies.

During the transition from a bulk material to nano-structures, many material proper-
ties change. One interesting effect is the predicted modification of the vibrational den-
sity of states (VDOS) in small structures. Whereas a bulk crystal has a Debye VDOS
(a continuous function that increases with the square of the vibrational frequency),
the distribution becomes discrete in small crystallites, exhibiting gaps and even a cut-
off below which no phonons are supported. Furthermore, phononic crystals—nano-
machined, periodic structures—can feature engineered frequency band-gaps where
vibrations are forbidden [19]. These approaches to phonon engineering could poten-
tially benefit applications in the field of quantum information, in particular quantum
memories, since the absence of phonons could enhance spin-population lifetimes as
well as optical coherence times. Modifications of population dynamics in REI-doped
nanocrystals have been previously reported by Meltzer etal. [20, 21], Liu etal. [22]
and Mercier et al. [23], and it was suggested that the changes were due to phonon sup-
pression in the nanocrystals. However, the particles employed in some of those studies
were not sufficiently small to suppress phonons at the desired frequencies, and locally
elevated temperatures caused by the optical excitation of the powder materials might
explain some of the observed effects. Thus, unambiguous confirmation of the sup-
pression of phonon-mediated relaxation in optical centers through VDOS-engineering
remains an open challenge.

In this manuscript we examine the effect of the transition from bulk crystals to < 40
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nm particles (see Fig. on the population dynamics between excited-state crystal-
field levels in Th3T-doped Y3Al;015 (YAG). Specifically, we study the influence of size
restriction on relaxation dynamics and equilibrium population distribution between
the crystal-field levels, i.e. thermalization. We observe that the population dynam-
ics are strongly modified for smaller particles, which can be explained by a modified
density of states. However, we also find that the thermal population distribution
exhibited by the nano-powders is the same as in the bulk material. From the lat-
ter observation we conclude that, in addition to possible phonon suppression, other
non-phononic processes—e.g. related to surface defects or energy transfer [24]—are
introduced, enabling rapid thermalization of population between the closely-spaced

energy levels.

5.7.3. Experimental Details

We chose Th*™ doped Y3Al;05, (YAG) since the combination of its energy level
structure and its high acoustic velocity is well suited to investigate the effects of
size on the direct phonon process. More precisely, the small excited-state splitting
A, = 35 GHz between the Tb** crystal-field levels °Dya/b (see Fig. [5.30)), together
with the acoustic velocity of 6400 m/s [25], results in an expected suppression of the
direct phonon process for relatively large particles of ~ 100 nm diameter. In addition,
in the bulk crystal, the inhomogeneous broadening of about 20 GHz allows one to
selectively address each of the 5Dy a/b crystal-field levels. Furthermore, the ground

state splitting A, = 83 GHz is large enough that resonant phonons are not expected
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Figure 5.30.: Relevant energy levels of Th3":Y3Al;015(vertical axis not to scale) for
the measurement of population relaxation between the first two crystal-
field levels within the °D, excited-state manifold. A pulsed laser excites
the ions from the "Fga ground state to the °D, f excited state, from
where they decay rapidly into D, a and b. The resulting fluorescence
due to the four °Dya/b —"F5a/b transitions are collected, spectrally
resolved, and then analyzed.

to be inhibited in the > 40 nm diameter nanocrystals, and we can therefore directly
measure the internal sample temperature through the ratio of population in the two
levels "Fg a/b.

We created our powders using a sol-gel synthesis (method 1 [26]) and a modified sol-gel
synthesis with a freeze drying step under vacuum and at temperatures below -20 C
to restrict agglomeration (method 2 [27]). Each method leads to slightly different
particle morphologies and size distributions. Additional size control can be achieved
by changing the annealing duration and temperature. In this way we were able to
vary the nanocrystal diameter d between 40 and 500 nm, and 40 and 70 nm using

method 1 and 2, respectively. We evaluated the crystal quality of our powders using
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a scanning electron microscope, a transmission electron microscope, x-ray diffraction,
and optical spectroscopy methods (APPENDIX A and B). From these measurements
we conclude that the bulk crystal quality can be maintained for crystallites with
diameters down to ~ 80 nm. For smaller sizes, we observe a slight decrease in
crystal quality that manifests itself in an increase of the inhomogeneous broadening.
Measurements of the radiative lifetime as a function of particle size (APPENDIX A)
confirm that we can approximately treat the powders as individual particles rather
than large agglomerates, with method 2 producing less agglomeration than method
1.

All powders were mounted in an unsealed glass cuvette within an Oxford Instruments
cryostat. The samples were held at temperatures from ~ 1 K up to 10 K; for temper-
atures below 2.17 K, the samples were immersed in superfluid liquid helium, whereas
for higher temperatures, the samples were cooled by a continuous flow of helium va-
por. A pulsed Hénsch-style nitrogen-laser-pumped dye laser [28] with peak powers of
up to 10 kW, a pulse duration of 6 ns and a repetition rate of 6 Hz was used with
Coumarin 481 dye to provide excitation light at 485 nm. As shown in Fig. [5.30 we
resonantly excited Tb ions from the ground state "Fg a to the D, f level, a transition
that provides strong absorption. From the °Dy f level, the population rapidly decays
(< ns) non-radiatively by emission of high-frequency acoustic phonons into the two
levels °Dya and b. Using a SPEX 1401 monochromator (< 3 GHz resolution), we
selectively collected fluorescence from each of the four "Dy a/b—"F5a/b transitions.
The collection was at an angle of 90° relative to the excitation laser, and the fluo-

rescence was measured using a photomultiplier tube (Hamamatsu R928) terminated
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with a variable resistance that allowed for time resolutions as fast as 100 ns.

For all powders and experimental configurations described below, we directly mea-
sured the local temperature through the relative population in the two levels "Fga
and b, as detailed in APPENDIX C. We found no local heating, thus confirming that
observed changes in relaxation dynamics were not due to elevated sample tempera-

tures.

5.7.4. Time Resolved Fluorescence Measurements

Before studying the population dynamics of the 5Dy a/b levels, we first ensured that
we could selectively collect fluorescence from the two excited levels °Dy a/b for each
of our samples. We recorded fluorescence spectra by scanning the monochromator
over the four lines connecting 5Dy a/b —"F5a/b, with typical fluorescence spectra
shown in Fig. [5.31] We observed that the smallest nanocrystals feature an increased
inhomogeneous broadening compared to the bulk (for details see APPENDIX B). As
a consequence, some overlap in emission from the neighboring transition is present.
Since this overlap can lead to observations that could wrongfully be interpreted as
modifications in relaxation dynamics, it must be considered in the analysis of any
obtained data.

Following this initial characterization, we recorded fluorescence decays from the two
crystal-field levels °Dya/b at a temperature of 1.5 K. The individual decays were
collected by sequentially tuning the monochromator on resonance with each of the

four transitions °Dy a/b — "Fsa/b. The specific frequencies of these transitions
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Figure 5.31.: Fluorescence spectra at 5 K of (a) a 40 nm diameter powder and (b) a
500 nm diameter powder (synthesized via method 1). Each spectrum
(black dots) is fit with the sum of four identical Lorentzian lines with
the same pairwise energy splitting A (A’). For d = 40 nm the width is
53 GHz and A is 40 GHz, and for d = 500 nm the width is 13 GHz and
A’ is 39 GHz.
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Figure 5.32.: Fluorescence decays °Dya — "Fsa (red dots) and °Dsb — "Fsa (blue
dots) at 1.5 K in large crystallites (d = 500 nm). The experimental
points are fit with Eq. (solid lines), resulting in 7T, = 235 us and

Ts = 4 ms. Inset: relevant level structure and rates associated with the
fluorescence decays (see definitions in the main text).

were obtained from the fluorescence spectra measured for each sample as described
above. After excitation of the Dy f level, 2 THz above ?D, a, the population first
decays rapidly and equally into ®D4a/b, and from there into "F5a/b. The dynamics

are captured by the following rate equations:

1a(t) = Yoa [M6(t) — 124 (t)] — Va4 () (5.25)

(1) = = Ya [16(t) = na(t)] = Wr(t) (5.26)
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where n,,(t) denote the populations in the levels Dy a/b at a time ¢ after excitation,
Yasb are the rates of the radiative decay from each level into the "F5 multiplet, and
Ve is the rate of the nonradiative process coupling the levels °Dya/b. Note that
relaxation into the ground state multiplet is ignored (experimentally and in Eq.
due to the transitions’ comparably small rates.

For all four transitions (see Fig. for two examples), we observed fluorescence
decays composed of two components. The first component corresponds to the non-
radiative decay of population from 5D, b to 5D, a and manifests in the fluorescence
decays from °Dya to “F5a/b as a fill-in, i.e. an increase of the fluorescence intensity
with time, and in the fluorescence from °Dy b to "F5a/b as an initial, fast decay, both
with the same characteristic time of about 0.2 ms. The second, long component corre-
sponds to the radiative decay. Thus, we fit the recorded, time-dependent fluorescence

intensities I, ;(t) from the levels °Dy a, b using

Lop(t) = Gape™"" + Bope T2, (5.27)

where T, and T are the time constants of the fast (non-radiative) and slow (radiative)
components with corresponding amplitudes ¢, ; and 3,;. As discussed before, due to
increased inhomogeneous broadening in the small powders, the fluorescence signals
collected from transitions starting in either °Dya or b contain a certain amount of
emission, characterized by a line overlap ¢, from the other transition. This affects
the recorded signal since the fill-in and the fast decay originating from 5D, a and b,

respectively, compensate each other to a certain degree. However, the time constants

190



2.0f

1.5¢
— 1.0f
S

0.5}

0.0f

- Pd
4 /
/ ,
1 K
]
] J/
+ ,' ;
’
.# /
/
I
1
I
+ /
] /500
1 |—’—|
1
! " 400
,’ —— II —_
1 —e-1— 3
1 ! ~
i /=300
/I ,' I—E
/
/ \ ./I , 200
/l ,' 00 .
1
!
/ -y

—— / 50

>_.]
100 200 500
d (nm)

50 100 200 500

d (nm)

Figure 5.33.: Amplitude ratio /5 obtained from an average of the fits of Eq. to

the four decays °Dya,b — "F5a,b as a function of average nanocrystal
diameter d for powder 1 (red circles) and powder 2 (blue squares) at 1.5
K. Simulations are depicted using dashed lines. Note that he amplitude
of the fast decay has been corrected for the partially overlapping lines as
described in the main text. Inset: Characteristic time of the fast decay
component as a function of nanocrystal diameter d

and the amplitudes of the slow decays are not affected. We determined the value

of ¢ from fits to our measured fluorescence spectra and subsequently compute the

corrected amplitudes o, = Gqp/(1 — 20). Since we obtained similar results from

decays to the levels "F5a and b, the following obeservations correspond to averages

over all four transitions unless otherwise stated.

By reducing the size of the particles, we expect to introduce a frequency cutoff in

the VDOS below which phonons are not allowed. Consequently, we expect to observe

a change in the non-radiative relaxation between the two closely spaced crystal-field
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levels °Dya and b, described by the first term in Eq. [5.27] The cutoff frequency is

given by

C

— 2
=, (529)

Vmin = 1)

where ¢ is the sound velocity, d is the diameter of the crystal, and 7 is a numerical
constant that equals 2.05 for a spherical particle [29]. According to this formula, YAG
particles (where ¢ = 6400 m/s [25]) with diameters below 100 nm should not be able
to support phonons at A = 35 GHz, corrresponding to the splitting between the two
crystal-field levels 5D, a/b. Because our powder samples inevitably exhibit some dis-
tribution of particle sizes, the non-radiative relaxation should be suppressed in more
and more particles as the mean of the size distribution is reduced below ~ 100 nm.
This should lead to a gradual decrease in the amplitude of the fast component « of the
fluorescence decays. Note that increased inhomogeneous broadening causing partial
overlap of the levels Dy a and b could also lead to similar observations. In our case,
we account for this effect by computing the actual amplitude « from the measured one
& as described above. As shown in Fig. [5.33] we find that for particles created using
method 1, the decay ratio begins to decrease at around 130 nm diameter, whereas
the onset for particles created via method 2 starts at sizes of ~ 70 nm.

We modeled this effect by calculating the VDOS [19] for 10° particles with different
mean particle diameter and a standard deviation that we determined from the SEM
images of our samples. We assumed that a nanocrystal with diameter d contributes
only to the fast decay if its VDOS at A = 35 GHz is greater than zero. The only

free parameter in the simulations is the width Av of the individual vibrational modes,
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which we obtain through a fit to the experimental data. The results of the simulations
are presented in Fig. [5.33

For large crystal diameters d, the simulated amplitude ratios (for crystals created via
either method) are around 2, which corresponds to the bulk value at 1.5 K. When we
reduce d, the amplitude ratios start decreasing at two distinct diameters (130 nm for
method 1 and 70 nm for method 2 crystals). This can be explained by different mode
widths (Av = 0.5 and 6 GHz for powders of methods 1 and 2, respectively) obtained
from the simulations. If phonon modes are broad, as in powders from method 2,
it is more likely that they overlap with the transition between the Dya/b levels,
even for small crystals. However, for sharp modes (powders from method 1), overlap
becomes significant only for larger particles in which more modes exist. Note that the
width of the phonon modes is related to the powder quality. In particular, crystallites
with reduced surface roughness should feature narrower phonon modes. This leads
us to conclude that powder 1 should be of higher quality, which, however, cannot be
verified given the insufficient resolution of our SEM pictures. Note that the optical
inhomogeneous linewidths suggest that method 2 produces powders with less internal
strain; however, it is not known if there is a relationship between particle surface
morphology and internal strain.

Overall, the simulated values are in good agreement with the experimental data for
powders produced by either method, consistent with suppression of phonon-induced
relaxation in sufficiently small powders. In particular, we observed the complete
transition from large particles, where the relevant phonon processes are fully allowed,

to the smallest particles, where we could not measure any contribution of the phonon-
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induced component to population relaxation.

In addition to a change in the amplitude of the fast decay, we also expect a change
in its characteristic decay time T,,. For the fraction of particles with v;, ~ A, the
phonon density of states at A, should be equal to an intermediate value between zero
and the maximum value exhibited by the bulk crystal. Thus, because the rate of
the non-radiative relaxation is proportional to the VDOS, the phonon induced decay
rate for these nanocrystals should be slower than the one for the bulk, i.e. T}, should
increase with decreasing particle size. Experimentally (see inset Fig.|5.33)), we do not
observe the expected increase for particles from method 1. This is consistent with the
conjecture of having sharp phonon modes (resulting from the fit of the decay ratios
in Fig. , in which case the phonon cutoff occurs abruptly as the size is reduced
so that the particles either experience the bulk phonon rate or no phonon decay at
all. Hence, the experimental data should only show the bulk decay, which is the case
for our powder created via method 1 at d = 48 nm. For powders from method 2, the
fit of the decay ratios predicts broader phonon modes, and we thus expect that more
particles experience decay times longer than the bulk before the decay is suppressed
completely. Indeed, except for the smallest powder created using method 2, we see

signatures of such an increase in T,, consistent with the predictions of our model.
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5.7.5. Measurement of temperature dependent population
re-distribution

Another indication of the restriction of phonon modes is the inhibition of thermal-
ization (population re-distribution) between the two crystal-field levels 5D, a/b after
their initial population through decay from °D, f. While the decay from the upper
crystal-field level produces equal population in both levels so that n,/n, = 1, the
ratio will subsequently change and approach thermal equilibrium due to nonradiative

transitions between °Dya/b. For t > T, the population ratio is described by

ny/ng = (1 — Ny) e 2T 1 N (5.29)

i.e. the Boltzmann distribution that assumes thermalization through nonradiative
processes, with an additional offset Ny included. The population ratio ny/n, for t >
T, is directly related to the ratio of the amplitudes 3, and 3, of the long fluorescence
decay components (see Eq. p.27): /8, < ny(t)/nq(t). This allows us to extract the
actual population distribution for different temperatures.

The measured temperature dependence of n;,/n,, calculated by averaging g, (and )
over both transitions starting in Dy a (and *Dy4b), is shown in Fig. for the bulk
crystal as well as for two nanocrystal samples (d = 40 and 72 nm) created via method
1. We fit the experimental points using Eq. after fixing the energy separation A,
to the bulk value of 35 GHz and leaving N, as a free variable. For both powders we
observe a non-zero offset Ny. The fit gave Ny=0.21£0.1 and 0.144+0.07 for the two

powders with d = 72 nm and 40 nm, respectively, and for the bulk crystal it resulted
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Figure 5.34.: Ratio of population n,/n, as a function of temperature in the bulk

crystal (black squares) and in nanocrystals from method 1 of average

diameter d = 72 nm (blue triangles) and 40 nm (red dots). Solid lines
are best fits using Eq. , and shaded areas represent uncertainties.

in Ny=0, suggesting that there is the expected difference in thermalization in the
powders. However, this offset can be fully explained by the emission line overlap o
with the neighboring transition due to the increased inhomogeneous broadening as
discussed above. Indeed, calculating Ny by taking only line overlap into account, we
find Ny = 0.3£0.02 and 0.2640.02 for d = 72 nm and 40 nm, respectively. This seems
to be at odds with the observed reduction of the nanocrystal’s fast decay amplitude
(Fig. [5.33)), which is also supported by VDOS simulations. Thus, the observation of
thermalization indicates that other processes, happening on time scales smaller than

the 100 ns resolution of our detector, are responsible for population re-distribution
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in our smallest nanocrystals. Such fast relaxation could be caused by coupling of the
Th3* ions to tunneling modes characteristic of amorphous materials [30, 31] (note
that the increase of amorphous character as the particle size is reduced is supported
by the observation of larger inhomogeneous broadening). Other explanations are
relaxations driven by energy transfer [24] or interactions between ions and surface

states.

5.7.6. Conclusion

In conclusion, we observed modifications in relaxation dynamics between crystal field
levels of Th3*:Y3Al;0,5 crystals as the particle size is varied from bulk to 40 nm, and
confirmed via absorption measurements that this effect is not due to local heating.
One possible explanation is a modification of the VDOS in the nanocrystals, which
restricts phonon processes between the two first crystal-field levels in the 5Dy excited
state that are separated by 35 GHz.

However, other measurements suggest a different explanation: population redistribu-
tion is still observed within the two closely-spaced levels, meaning that other, fast,
non-radiative processes must enable this transition. These processes may arise from a
partially amorphous character of the nanocrystals, even though significant effort was
dedicated to achieving good crystal quality by exploring various synthesis methods
and modifying different important parameters in each of them, such as the addition
of surfactants or the annealing temperature. We note that the case of YAG is par-

ticularly difficult because of the high annealing temperature—which favors particle

197



growth— required to crystallize the particles.

Improving the nanocrystal quality by optimizing fabrication methods, as well as
switching to a different material with a lower annealing temperature, such as flu-
oride crystals, may enable one to observe the full phonon restriction. However, there
may exist a fundamental limit to how small a particle can become while still preserv-
ing the spectroscopic properties of a large crystal — this limit is frequently estimated
to be around 10 nm [32]. Our results suggest that, for YAG, it may be around 100 nm.

Measurements of crystal structure may shed more light on this important question.
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5.7.8. APPENDIX A: Powder characterization

For all investigations of population dynamics presented in the main text, informa-
tion about the morphology and size distribution of the various powders is needed
to interpret the results. We obtained this information for powders from method 1

and 2 using a scanning electron microscope (SEM), with example images shown in
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Fig. [5.35. The images indicate that method 2 produces slightly less agglomerated
powders compared to method 1. In addition, we confirmed that we obtained good
single-phase crystalline YAG particles using powder x-ray diffraction (XRD) analy-
sis. Figures m (e,f) show the perfect overlap between the XRD spectrum of the
Th3t:Y3A15015 powders produced by method 1 and 2 with the reference spectrum
for YAG (JCPDS # 30-0040). For selected powder samples, we also directly probed
the quality of the crystal structure using a transmission electron microscope (TEM),
as shown in Fig. [5.35 (d). The TEM analysis revealed that the crystallite orienta-
tions in agglomerated nanocrystals can remain nearly aligned throughout multiple
grains when they are fused together. Since it is possible that phonon modes extend
across several crystallites in these cases, we considered the effective particle size in
agglomerated samples to be equal to the larger size of the approximately aligned ag-
glomerations rather than the individual grain size. The effect of agglomeration on

phonon propagation dynamics cannot be quantified at this stage.

In addition to using the TEM measurements, we also investigated the degree to
which the crystallites within the powder act as isolated particles versus being part
of a larger agglomerated mass by observing the increase in radiative lifetime as the
particle sizes are reduced. As known from relations such as the Strickler-Berg equa-
tion [33], the radiative lifetime T4 of an electric dipole transition depends on the
average index of refraction, n, of the material. Because of this, when the size of a
fluorescing particle becomes comparable to the wavelength of the emitted light, the

index of the medium surrounding the particle can have a significant effect on the
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Figure 5.35.: Microscope images of 1% Th3*:Y3Al;0;, created using method 1 and
annealed at 1400 C (a), or 900 C (b,c), and from method 2 annealed at
900 C (d). Panels (a,b,d) are SEM images, showing the size distribution
of the nanocrystals. Panels (e¢) and (f) show XRD spectra of powders
produced by method 1 and 2, respectively (solid blue lines), and the
corresponding reference spectrum (JCPDS # 30-0040; red circles) for
YAG. Panel (c) is a high-resolution TEM image showing the crystalline
structure (narrow white lines), which can extend over several particles
if they are agglomerated.
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radiative lifetime[20], [34], 35]. Consequently, we expect to observe an increase in the
fluorescence lifetime as the average particle size in our powders is reduced. Note that
strongly agglomerated particles would effectively act as a single, larger particle in this

case.

We employ a simple analytical model to estimate the size dependence of the fluores-
cence lifetime for perfectly isolated particles. More precisely, we used the form of the
Lorentz local field, sometimes referred-to as the virtual cavity model [36], where the
radiative lifetime in the medium 7,4 is related to the lifetime in vacuum 7§ according
t0 1/Traa = (1/T0) net(ng + 2)?/9, with neg being an effective index of refraction av-
eraged over the surrounding medium within a distance on the order of the wavelength
of light from the ion.

For particles smaller than the wavelength of light, the electric field extends beyond the
particle. To evaluate n.g for such particles, we assumed that the electric field of the
emitted light experiences the bulk crystal dielectric constant within the particle, and
the vacuum dielectric constant outside the particle. We furthermore assumed that

_r
l

the electric field outside the particle decays as FE(r) = Ege™© over the decay length [,
which is equal to the evanescent field decay length outside of a bulk dielectric given
by | = \o/2mv/n? — 1 [37]. Here n is the refractive index of the bulk material and A,
the wavelength of the transition. The value of n.g experienced by the emitting ion,

and the resulting change in radiative lifetime, was then estimated by calculating the

field-strength-weighted average dielectric constant over the area of non-zero electric

field.
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By using this simple model, we estimated the change in lifetime with particle size using
only the known bulk crystal index, transition wavelength, and lifetime with no free
parameters, resulting in the solid line in Fig.[5.36] We find that the measured lifetimes
in our samples agree reasonably well with the calculated dependence (Fig. . For
method 1, the radiative lifetime increases up to 7 ms, as the crystallite size decreases,
but powders smaller than 50 nm show lifetimes similar to the bulk crystal, indicating
that some degree of agglomeration is present. For method 2, the radiative lifetime
increases up to 13 ms, indicating that the particles in powders synthesized with this
method indeed behave as individual particles with sizes approximately equal to the

values estimated from the SEM and TEM analysis.

5.7.9. APPENDIX B: Spectroscopic investigations of powder
quality

To ensure that we can selectively collect fluorescence from the two excited levels
Dy a/b for each of our samples, we recorded fluorescence spectra by scanning the
monochromator over the four lines connecting Dya/b — "Fsa/b. As shown in
Fig. [5.37 we observed that for both fabrication methods, the smallest nanocrystals
feature an increased inhomogeneous broadening compared to the bulk. This increase,
which was expected due to an increased amount of strain, was not observable in
the XRD spectra due to the limited resolution of our XRD diffractometer (Rigaku

Multiflex). The observation of increased inhomogeneous broadening is consistent

202



18 ‘
o\

N

Trad (,US)
5 o

A O 0

——o— = —

50 100 200 500
d (nm)

Figure 5.36.: Particle size (d) dependence of the radiative lifetime of the *Dy a level
for powders from method 1 (red circles) and powders from method 2
(blue squares). The solid line shows the expected dependence.

with the emergence of relaxation that is facilitated by amorphous phases and surface
defects (see main text). However, as shown in the inset of Fig. the splitting A
between the °Dy a/b levels does not change with particle size, which indicates that the
ions’ crystal field splittings and local lattice symmetry are not measurably different

in the small powders.

5.7.10. APPENDIX C: Local temperature measurement

In past measurements, the thermal conductivity of small powders in a gas environment
was observed to decrease with particle size due to two effects. First, the phonon

scattering length is reduced in small powders, and second, heat flow is hindered
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Figure 5.37.: Particle-size-dependence of the inhomogeneous linewidth for powders
from method 1 (red circles) and powders from method 2 (blue squares).

Inset: Splitting A between the °Dy a/b levels versus particle size. The
solid lines are guides to the eye.

by the surface resistance of the small particles contained in the powder [38], [39] 140].
These effects could lead to a locally elevated powder temperature, especially when the
powder is probed using a high power laser. An elevated sample temperature in turn
would produce significant changes in population relaxation and thermalization that
could potentially be misinterpreted as arising from other effects. To ensure that the
laser excitation did not induce localized heating, a direct temperature measurement
that enables the true internal temperature of the particles to be monitored is required.
We measured the internal temperature for each sample by recording the absorption

spectrum “Fga,b — °Dy f and comparing the populations n; and ny in the first
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Figure 5.38.: Ratio ny/n; of populations in the ground manifold "Fg b/a levels as a
function of the temperature Ty read by the cryostat sensor for a bulk
crystal (black dots) and nanocrystalline powder samples with diameters
d = 124 £ 30 nm and produced by method 1 (blue squares) and d =
63 + 11 nm, produced by method 2 (red triangles). The solid line is
the fit to a Boltzmann distribution with A, = 83.5 GHz. Note that the
large error bar for 3.2 K and d = 124 nm is caused by a large uncertainty
of the fit to that particular absorption spectrum.

and second crystal field level "Fga and b of the ground state multiplet, which are
separated by A, = 83 GHz. This allowed us to determine the effective internal
sample temperature 7' via the Boltzmann law ny/ny = Aexp{—A,/kgT} with kp the
Boltzmann constant. We obtained the coefficient A, which depends on the relative
oscillator strengths of the transitions, from a calibration measurement using a 1%
Th:YAG bulk crystal, that we assumed to thermalize quickly to the temperature T
that was measured by the cryostat sensor. The temperature-dependent population

ratio ny/n, is shown in Fig. for a selected set of nanocrystals. The close overlap
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between the bulk and powder results confirms that all powders thermalize as well as
the bulk when immersed in liquid helium or vapor and that the laser is not measurably
heating the nanocrystals, even for the smallest sizes. Since these measurements are
conducted using the same laser power and focusing parameters as those used for all
other measurements described in the main text, they confirm that the changes in
dynamics that we observe in the powders are not caused by local heating. Also, with
this method, we ensure that the ions that are studied in the relaxation dynamics
measurements (as in the main text) are also the same ions that are used to measure

the temperature.
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5.8. Silicon vacancy centres in diamond

Even though we saw signatures of phonon suppression with REI doped host mate-
rials, we were not able to suppress non-radiative relaxation between closely spaced
levels completely since other relaxation processes, related to crystal damage, arose.
Our measurements showed that REI are very sensitive to any kind of mechanical pro-
cessing. As described previously, we also found that fabrication methods increase the
inhomogeneous broadening in the smallest powders which complicates the interpreta-
tion of measurements. Unfortunately, more gentle nano-fabrication methods such as
chemical etching have yet to be developed for the most common REI host materials.
Due to this lack of fabrication methods, the use of phononic crystals is thus not within

immediate reach.

In order to perform a proof-of-principle experiment that demonstrates phonon sup-
pression and lays the foundation for future applications, silicon vacancy centers in
diamond are well suited. The silicon vacancy center (SiV) features two doubly degen-
erate orbital ground states (]g1),|g2)) that are spaced by ~ 50 GHz (see Fig. [5.39).
Jahnke et al. [63] showed that transitions between these two states are mainly driven
by the direct phonon process. This limits the population lifetime in the upper orbital
state, and, more importantly, the coherence time of the spin states that arise when
a magnetic field is applied. The coherence time of the spin states has been measured
to be around 40 ns at temperatures around 4 K. The latter is too short to enable the

SiV as a quantum memory or efficient quantum information processing device. How-
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Figure 5.39.: Relevant energy levels of the SiV center in diamond.

ever, by suppressing the direct phonon process, coherence times up to milliseconds
are expected [64].

Such coherence times together with the other advantages of the SiV, e.g. its strong
zero phonon line and robustness against charge fluctuations in its environment (due
to its inversion symmetry) would make this center a very promising candidate for
applications such as quantum memories, quantum gates, single photon sources and

on-chip implementations thereof.

5.9. Phonon suppression in silicon vacancy centers in

diamond

Phonon suppression in SiVs can be achieved via the same principles as in REIs.
However, due to their strong oscillator stength, one can use single SiVs for all inves-

tigations, which greatly simplifies measurements and avoids ambiguities arising from
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inhomogeneous broadening. Furthermore, the splitting of ~ 50 GHz between the or-
bital ground states together with the high speed of sound in diamond (12000 m/s [65])
makes it possible to achieve phonon suppression in relatively large structures with di-
mensions around 150 nm. An additional benefit of the SiV is its inversion symmetry,
which makes its properties largely insensitive to fabrication methods. Nanofabrica-
tion tools such as chemical etching and focused ion beam milling have been developed
during the last decade [66] and the fabrication of structures on the scale of hundreds
of nanometers is established. The work by Alp Sipahigil et.al [64] demonstrated that
SiV can maintain their bulk properties in structures with sizes of only a few hundred

nm.

Taking advantage of these properties, we also used the SiV in diamond to investigate
the possibility for complete phonon suppression in small structures and whether this
effect can be exploited for applications. First, we performed numerical simulations
using various geometries to find a structure that is easy to fabricate but still capable
to suppress phonons. These simulations (see Fig. predict that small nanopillars
with dimensions < 150 nm should result in a strongly reduced density of states for
phonon frequencies around 50 GHz, i.e. the transition frequency between the two
lowest orbital states (see Fig.|5.39).

In initial experiments, we fabricated small pillars containing SiVs on a diamond sub-
strate. Towards this end, we purchased commercially available diamond chips that
are grown using chemical vapor deposition (Element 6: electronic grade, i.e. <0.03

ppb nitrogen vacancy center (NV) concentration). The low NV concentration is im-
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Figure 5.40.: Vibrational density of states (DOS) simulations for nanopillars with
varying diameter d on a bulk diamond substrate.

portant since the presence of many NVs in the sample can mask the SiV signal.
Subsequently, the sample was implanted with silicon ions (**Si™) with a dose of 10!
ions/cm? and an energy of 180 keV, which results in an implantation depth of around
150 nm. After implantation, the sample was cleaned using a mixture of perchloric, ni-
tric, and sulphuric acid (1:1:1) heated to ~ 250 C, and then annealed at temperatures
up to 1100 C and under vacuum (< 107° torr) [67]. We fabricated nanopillars with
diameters varying from 120 to 900 nm and heights of around 1 pym using the same
fabrication process as described in [68], except that we omitted the isotropic diamond
etching step that creates free standing structures. The sample was then cleaned using
again the heated acid mixture. A scanning electron image of the resulting nanopillars
is shown in Fig. [5.41]

In order to demonstrate phonon suppression in the fabricated pillars, we mounted
the samples in a cryostat (Montana Instruments Cryostation) and cooled them down

to around 5 K. The confocal microscope setup that was used for all investigations is

shown in Fig.
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Figure 5.41.: Scanning electron microscope images of the fabricated nano pillars.
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Figure 5.42.: Schematic of the setup used to probe SiV centers in diamond.
5.9.1. Resonant interaction

We excited the SiV resonantly on the transition |g;) — |e;) (i=1,2) using a tun-
able laser at a wavelength of 737 nm (New Focus Velocity TLB-6700), as shown in

Fig.[5.42] The fluorescence from the phonon sideband was collected through the same
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objective and measured using a silicon avalanche photo diode. When tuning the wave-
length of the excitation laser across the four transitions of the SiV |g;) <+ |e;) (i=1,2)
(see Fig. the measured fluorescence increases whenever the laser is resonant
with a transition. Using this photoluminescence excitation measurement, one can
determine the exact wavelength of the individual transitions and, more importantly,
the splittings between the energy levels in the ground- and excited state. A typical

photoluminescence excitation spectrum of SiV in bulk diamond is shown in Fig.[5.43|

3000¢

2500}

Wavelength (nm)

Figure 5.43.: Photoluminescence scan across the four transitions of a SiV center in
bulk diamond.

Note that under resonant excitation the SiV can change its charge state and sub-

sequently turn dark. It is possible to reset the charge state using excitation at 532

nm. For the spectrum shown in Fig. |5.43| and for all subsequent measurements, we

switched between resonant excitation (160 us, 37 uW cw-power) and charge state

resets, i.e. green excitation (45 us, 20 uW cw-power).
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5.9.2. Orbital state lifetime measurements

The effect of phonon suppression in small nano pillars can be observed by measuring
the lifetime of the upper orbital state |go). First, population is transferred from the
ground state |g;) into the uppper orbital state via the application of a laser pulse
resonant with the transition |g;) — |es) (pump pulse in panel a) of Fig. [.39). As
shown in Fig. b), population then decays from the excited state |es)into either
orbital ground state. When pumping long enough (~ 80 ns), most population will be
found in the level |go). Due to this population inversion, the fluorescence collected
from the phonon sideband decreases during the excitation pulse, as shown in Fig.
c).

To measure the lifetime of the upper orbital state, another pulse (probe pulse in panel
a) of Fig. ) is applied on the same transition after a wait time 7. Depending on the
wait time and the lifetime of the orbital state, some population will have relaxed back
into the ground state, which manifests itself in an increase in fluorescence compared
to the steady state fluorescence at the end of the first pulse. The lifetime 7} can then

be extracted by fitting an exponential

j—:(r) — 1+ Aexp (—%) (5.30)

1

to the fraction of the area of the fluorescence signal during first pulse (that created
the population inversion) A; and the fluorescence signal during the second pulse
(that probed the population inversion) As. A is the maximum observed population

inversion in percent. Figure shows an exemplary decay for a SiV center in bulk

218



diamond.

In an initial experiment we measured this lifetime in fabricated nanopillars of varying
diameter and compared it to the result obtained with a bulk crystal (i.e. in an im-
planted area on the same chip but far from the fabricated pillars). All measurements
were performed at a temperature of 5.8 K. The lifetime of the uppper orbital state
and its dependence on the pillar diameter is shown in Fig. [5.46, The bulk lifetime is
represented as horizontal line. We also show the results of numerical simulations that
predict a strong increase in lifetime in the smallest pillars due to phonon suppression.
Fig. [5.46| shows clearly that, contrary to our expectations, the lifetime decreases for
the smallest pillars. We believe that this trend is caused by imperfections in the crys-
tal lattice surrounding the SiV. Furthermore, due to surface imperfections, there could
be increased phonon leakage into the surrounding bulk substrate. To prove phonon
suppression in this material, fabrication techniques have to be improved; specifically,
the surface roughness of the pillars has to be reduced. In the future, we will pursue
two avenues towards that goal. Firstly, we will study thermal annealing methods and
determine to what degree they can help to improve the diamond lattice surrounding
the SiV after implantation and fabrication of the nanopillars. Secondly, we hope to
improve the fabrication process itself by studying different etching gases and by op-
timizing parameters of the etching step such as gas flow rates and the voltages of the
electrodes that create and accelerate the etching plasma. Finally, we will continue to
study different geometries, such as inverted pyramids on a diamond substrate that

might be better suited to fully suppress phonons.
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Figure 5.44.: a) Time sequence of the two laser pulses used to extract the orbital

state lifetime of a SiV center. b) Simplified energy level structure of the
SiV. For lifetime measurements, population is excited from the ground
state [g1) (red arrow) and fluorescence from the two excited states |eq2)
(blue arrows) is collected from the phonon sideband. ¢) Time-resolved
fluorescence collected from the phonon sideband. The pump pulse leads
to a population inversion in the ground states that manifests itself in a
decreased fluorescence during the second pulse. Due to population relax-
ation |ga) — |g1), the fluorescence during the probe pulse will increase
with increasing spacing between the pulses 7.
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Figure 5.45.: Exemplary decay of the ratio A;/As for a SiV in bulk diamond. The
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Figure 5.46.: Orbital state (|g2)) lifetime of SiV centers in nano-pillars of different

diameters. Experimental data is displayed as blue dots, the red line
shows the result of our simulations.
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6. Effects of spin inhomogeneity in
disordered materials on lifetimes

and coherence times

As described in the previous chapter, phonons can influence lifetimes and linewidths
in a detrimental way. For spin states, the effect of phonons is strongest at high mag-
netic fields. At low magnetic fields where the energy splitting between spin states is
small, the phonon density of states is sufficiently small so that effects caused by lattice
vibrations are not the dominant relaxation mechanisms. Nevertheless, spectroscopic
properties of spin states are usually bad at low magnetic fields. This is due to the
fact that without the presence of a strong external field, REI spins are more likely
to randomly flip and two neighboring REI spins can exchange their orientation (spin
flip-flop). Thus, spin lifetimes are limited and spin coherence times are reduced due

to the magnetic field fluctuations in the environment of each spin.
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It is thus desirable to reduce the interaction between individual REI spins. Reduced
interaction would directly decrease the amount of spectral diffusion since each spin is
less sensitive to its environment. Second, with decreased interaction between neigh-
boring spins, so-called spin flip-flop processes in which neighboring, resonant ions
exchange spin states are expected to happen at a much slower rate. Those flip-flop
processes often prevent spectral tailoring at low magnetic fields. For the specific case

of erbium-doped materials this is described in Papers [5.1] and [6.1]

The nature of spin flip-flops require the two spins that take part in such a process to be
on resonance. In a high-quality crystalline material the spin inhomogenous broadening
is relatively small since the local environment is very similar for each ion and thus
it is likely for spins to be on resonance. However, in a disordered host, no long-rage
crystal lattice is present and thus each ion will see a different local environment. This
strongly increases not only the inhomogeneous broadening of the optical transition
that can reach up to THz (see Paper but also the inhomogeneous broadening
of the spin transition. Thus, in a disordered material, it will be less likely to find
two neighboring spins whose transition is on resonance compared to a bulk crystal
with identical doping concentration. In the following papers, we investigated to which
degree a disordered material can inhibit spin flip-flops and thus allow efficient spectral

tailoring and enable the corresponding applications using an erbium doped silica fiber.
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6.1. Paper 6: Efficient and long-lived Zeeman-sublevel
atomic population storage in an erbium-doped

glass fiber

Physical Review B. Rapid Communications, 92, 241111(R), 14 Dec 2015

6.1.1. Summary

Paper 6 shows that in an erbium-doped fiber, efficient spectral tailoring can be per-
formed due to the suppression of spin flip-flops that otherwise make spectral hole
burning impossible at low magnetic fields. We demonstrate that up to 80% deep
spectral holes that persist for up to 30 seconds can be created. Persistent and deep
spectral holes are the prerequisite for applications such as quantum memories and
processors for quantum states, both of which have been implemented using one of the
fibers investigated in this paper (see [69, [70) [71] and [22] respectively). We identify
the states that allow efficient population storage to be electronic Zeeman states and
characterize the various processes limiting the latter. Furthermore, a set of param-
eters (magnetic field, temperature and concentration) that are optimal for spectral

hole burning is identified.
The preparation and initial set-up for all experiments mentioned in this paper were

performed by Erhan Saglamyurek and myself. The subsequent spectroscopic investiga-

tions were performed by the first three authors with equal contributions. Finally, the
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data analysis and interpretation was done by Lucile Veissier and myself. Both of us

also wrote the first draft of the manuscript with equal contributions.
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Abstract:Long-lived population storage in optically pumped levels of rare-earth ions
doped into solids, referred to as persistent spectral hole burning, is of significant
fundamental and technological interest. However, the demonstration of deep and
persistent holes in rare-earth ion doped amorphous hosts, e.g. glasses, has remained
an open challenge since many decades — a fact that motivates our work towards a
better understanding of the interaction between impurities and vibrational modes in
glasses. Here we report the first observation and detailed characterization of such
holes in an erbium-doped silica glass fiber cooled to below 1 K. We demonstrate
population storage in electronic Zeeman-sublevels of the erbium ground state with

lifetimes up to 30 seconds and 80% spin polarization. In addition to its fundamental
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aspect, our investigation reveals a potential technological application of rare-earth
ion doped amorphous materials, including at telecommunication wavelength.

Persistent spectral hole burning in cryogenically cooled rare-earth ion (REI) doped
solids, the process of transferring atomic population via optical pumping from the
ground level of the REI into a long-lived (metastable) level, has been extensively
studied for five decades [I}, 2]. The observation of persistent holes is of fundamental
interest as they allow characterizing the interaction between REIs and their environ-
ment, and they find applications in both classical and quantum information processing
[3]. Deep, narrow, and long-lived holes have been observed for various REIs doped
into crystalline hosts [4, 5 [6]. These holes generally result from population stor-
age in nuclear spin hyperfine levels, or, for REIs having an unpaired electron spin
(so-called Kramers ions), in electronic Zeeman sublevels. Compared to REI-doped
crystals, REIs in glasses experience much larger inhomogeneity of optical and spin
transitions, as well as coupling with inelastic tunneling modes (also referred-to as
two-level systems — TLS) [7], 8 9] that results in significantly different decoherence
and population relaxation properties. Persistent population transfer due to coupling
with TLS, photochemical hole burning, and using spin states have been reported more
than two decades ago [10) 111, 12], but the interaction between REIs and vibrational
modes in amorphous media — the generalization of the well-known phonons that are
present in crystals — is still not well understood. Furthermore, the observed holes
have been shallow or hundreds of MHz wide, making them unlikely to be suitable for

information processing applications.
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6.1.2. Introduction

An exception is the erbium-doped fiber that we have used recently for quantum state
storage [13],[14]. The goal of the present paper is to detail its hole-burning mechanism.
We observe deep, persistent holes with 15 MHz width (limited by power-broadening)
and lifetimes approaching a minute that arise from population redistribution among
the Zeeman-split electronic sublevels of the Er** ground state. This improves upon
the properties observed before for REI-doped glasses in terms of spin polarization (i.e.
hole depth) and spectral width [I5], [12]. We furthermore characterize the dependence
of the spin relaxation rate on magnetic field, temperature, wavelength, and erbium ion
concentration. This allows us to determine the processes responsible for electron spin
state relaxation in this amorphous medium and provides the necessary information
to optimize operation parameters for practical applications.

Except where mentioned otherwise, our experiments employ a commercially avail-
able, 20 m-long silica fiber co-doped with 190 ppm erbium (INO S/N 404-28252).
The fiber is cooled to temperatures T" as low as 0.65 K using an adiabatic demagne-
tization refrigerator, and a magnetic field B of up to 0.25 T that lifts the Kramers
degeneracy of the ground and excited electronic levels, splitting each into two Zeeman
sublevels. We burn spectral holes into the erbium ions’ inhomogeneously broadened
415 /2 <»* I 3/ zero phonon line using 500 ms long laser pulses with a peak power
of 1-5 W derived from a narrowband, intensity-modulated, continuous wave laser
operating, except where otherwise specified, at 1532 nm wavelength. After a variable

waiting time that exceeds the 11 ms excited state lifetime, we probe the absorption
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Figure 6.1.: Spectral hole area as a function of the waiting time for B = 500 G and
T = 0.65 K. The experimental data is fitted by the sum of two exponential
decays with characteristic times T, = 1.324+0.09 s and T, = 25.9+ 1.5 s.

The inset shows the fiber absorption profile at ' = 0.8 K (dashed blue
line) and the hole lifetime T} for various wavelengths (black dots).

profile by linearly chirped the frequency of the laser light over 500 MHz across the
generated hole. The 1 ms-long scans are implemented using a phase modulator driven
by a serrodyne signal [16]. Depending on the experimental conditions, we observe per-
sistent spectral holes with line widths as narrow as 15 MHz, including the effect of
power broadening. However, from coherence lifetime measurements, we know that
homogeneous linewidths as narrow as a few MHz can be achieved in our fiber [I7]. By
measuring the area of the spectral hole with respect to the waiting time, we charac-
terize the decay dynamics of the spectral hole and extract the underlying population
relaxation processes.

First, we determine the decay dynamics for persistent holes, with a typical example

shown in Fig. [6.1] We find that all decays, for temperatures ranging from 0.65 to
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3.5 K and magnetic fields from 0 to 0.25 T, can be described by two exponential
functions with similar weights and decay times (7;) on the order of a second and (7})
on the order of a few tens of seconds. This observation could indicate the presence
of two different classes of erbium ions in the fiber, or could result from the average
over a non-uniform, continuous distribution of decays corresponding to ions with
different spin-state lifetimes. In addition, we characterize the wavelength dependence
of the persistent hole lifetimes T}, at a temperature of 0.8 K; see inset of Fig.[6.1] We
observe long-lived spectral holes with comparable lifetimes across the entire THz-wide
inhomogenous absorption line.

Second, we assess the efficiency of the hole burning mechanism, which we define
as the maximum degree of spin polarization. It characterizes how deep a persistent
spectral hole can be burnt. Spectral holes with absorption reduced by as much as 80%
compared to the optical depth of the erbium-doped fiber before spectral hole burning
were observed at T"= 0.7 K, and with a probing delay of 50 ms. Furthermore, as the
temperature rises from 0.7 to 3.5 K, the hole depth decreases linearly. In consequence,
we extrapolate that it is, at least in principle, possible to burn a 100% deep hole at
an optimal temperature of 0 K. This fact alone excludes population redistribution
via the TLS mechanism, as the latter generally only allows for persistent holes with a
maximum depth of 50%, and typically much less —even at T'= 0 K [I§]. Furthermore,
given the width of the observed holes and the small intensity used to create them, we

can also exclude photochemical hole burning.
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6.1.3. Hole burning mechanism and limiting processes

An unambiguous way to confirm our hypothesis of Zeeman level storage as the hole
burning mechanism would be to burn one narrow spectral hole, observe the regions
of increased absorption due to population redistribution, i.e. anti-holes, and extract
their magnetic field-dependent shift. However, this was not possible in our case due
to the disorder in the amorphous material, which leads to very broad anti-holes that
cannot be resolved. To indirectly verify the presence and positions of these anti-holes,
we employ a novel method that is based on burning a wide hole and measuring its
depth as a function of magnetic field. The results for a 200 MHz-wide hole are shown
in Fig. [6.2] As the field decreases, the anti-holes begin to overlap with the central
hole, causing it to become more shallow (due to the first-order electronic Zeeman
splitting, the frequency shift between the hole and anti-hole depends linearly on the
magnetic field strength). Modeling the hole and the anti-holes with Lorentzians of
magnetic field-dependent width and position, we can predict the change in hole-
depth as a function of the magnetic field, see Fig. This allows estimating a mean
hole/anti-hole splitting of 25 GHz/T, which is comparable to the values typically
measured in erbium doped crystals [19, 20]. This further supports our conclusion of
population storage in Zeeman levels. We also find that the anti-hole width is about
six times larger than the splitting between hole and anti-hole, which reflects the large
inhomogenous broadening of the Zeeman transition in the fiber, as discussed earlier.
To gain insight into the relaxation mechanisms that determine the observed spin

lifetimes as well as to identify optimal conditions for potential applications based on
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Figure 6.2.: Magnetic field dependent depth of a 200 MHz-wide hole normalized to
the depths of a 100 MHz-wide hole at each field, which is not significantly
affected by population transfer from an anti-hole. Please note that the
absolute hole depth of a narrow hole decreases at B > 0.06 T due to

decreasing lifetimes, as shown in Fig. c¢). Experimental data is shown
by black dots; simulated results are in red.

persistent spectral hole burning, we experimentally and theoretically study magnetic
field and temperature dependence of hole decay rates (the inverse of the hole lifetime);
examples of the experimental data are shown in Figs. and [6.9) We note that
the two decay components T, and 7, exhibit very similar behavior as a function
of magnetic field and temperature for the assessed range of parameters. Given the
difficulty of measuring the longer Zeeman lifetime 7;, with high precision at high
temperature, we consider only the fast decay component T, in the following analysis.
To describe our experimental data, we develop a model based on the framework
proposed in [21] for an Er:Y,SiOs crystal, but adapt it to an amorphous host, in

which the Debye model of phonons is not applicable and has to be replaced by TLS
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and local vibrational modes. We assume the spin relaxation rate to be described by

1 B
=M ech? (g,uB ) + uB'T™ + asT". (6.1)

The first term corresponds to the average mutual spin flip-flop rate due to magnetic
dipole-dipole interactions between erbium ions, with ¢ the g-factor of the Er ions,
1p the Bohr magneton and k the Boltzmann constant. We assume g = 9, which is
consistent with averaging over all possible direction-dependent values, ranging from
0 to 18 [22] 23| 24], 25, 26, 27]. Provided the erbium ions are uniformly distributed,
the coefficient «; scales quadratically with Er concentration (we will examine this
assumption below). In addition, the spin flip-flop term includes broadening of the
inhomogeneous linewidth I'g of the spin transition with magnetic field, i.e. I's =
['%+~B. This also leads to the anti-hole broadening discussed in the previous analysis,
from which we extracted v =6 x 25 GHz/T.

The second term describes the direct coupling between Er ions and resonant, thermally-
driven vibrational or TLS modes of the glass matrix. While this effect is in some ways
analogous to the coupling with phonons in crystals, one cannot expect it to have the
same dependence on the magnetic field and temperature due to a different density of
states of vibrational modes in the amorphous medium [28]. We therefore include free
parameters [ and m in Eq. [6.8]

The third term describes the process where the Er ion relaxes through higher-energy
vibrational or TLS modes of the glass via a second-order Raman-type interaction. It

is equivalent to the phonon mediated inelastic Raman relaxation in crystals, which
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involves two off-resonant vibrational modes. In the case of a crystal doped with a
Kramers ion such as erbium, the Raman process scales as 79 [29]; however, since
the density of states of vibrational modes might be very different in the fiber, the

temperature dependence of the Raman process is described by the free parameter n.

g 9 I 1£0.1
~ (GHz/T) 150 m 1.240.2
I'% (GHz) 1.3+£0.2 n 3+0.5
1/Ta (03] 9 (0%
fiber 1 3.80+0.2 124+£05 0.06+0.01
1/T, fiber 1 fiber 2 fiber 3
o 0.160+0.2 0.234+£0.2 167+£0.2
Qs 0.72+05 0.824+05 47+£05

Table 6.1.: Parameters for Eq. [6.8|to fit the experimental data, with oy in 10° s72, s
in Hz T~! K~! and a3 in Hz T4,
By iteratively fitting Eq. to several subsets of experimental data, we obtain the
single set of parameters given in Table[6.2]that allows describing all experimental data.
The good agreement is exemplified with the two datasets shown in Figs. [6.9]and [6.10]
We note that the value for the inhomogeneous line width at zero field, T'%, exceeds the
value for REI-doped crystals by several orders of magnitude [30, 31, [32]. While we
have no explanation yet for why (=1, we note that it is not possible to attribute this
dependence to a direct-phonon-type process as observed in crystals because such a
process must scale at least quadratically [29] with the magnetic field. This argument
is based on the assumption that the phonon density of states is not decreasing with
frequency, which is correct for silica glass at our temperatures [33]. Furthermore, we
find that the fitted value for m, describing the temperature-dependent part of the

coupling to TLS, is consistent with values that allow modeling coherence properties
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Figure 6.3.: Spin relaxation rate 1/T, as a function of temperature at B = 500 G.
The dashed lines correspond to the different terms of Eq.[6.8 the Er-Er
coupling (blue dashed), the direct process (green dotted), and the Raman
process (orange dashed dotted).

in REI-doped glasses [12] 22, 34], and that a difference of n from the value in crystals
(i.e. Nerysta=9) has also been observed in nanometer size particles [35].

Let us now have a look how the interplay of the three different processes in Eq.
— represented as individual lines in Figs. and — determines the lifetime of
the spectral hole. Fig. [6.10] shows that the decay rate increases monotonically with
temperature, and that, for higher temperature, it is dominated by the Raman-type
interaction. Furthermore, Fig. shows that spin flip-flops, i.e. the exchange of spin
states between neighboring, resonant erbium ions through magnetic dipole-dipole
interactions, dominate the decay rate at small magnetic fields and 0.8 K. However,
the contribution of this process decreases rapidly as the field is increased due to the
additional inhomogeneous broadening described by 7B, i.e. a decreasing probability
for neighboring ions to be resonant. For higher fields, the decay rate is dominated

by coupling to thermally-driven TLS and vibrational modes. Hence, for long-lived
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Figure 6.4.: Dependence of the rate 1/7, on the magnetic field at 7' = 0.8 K. The solid
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orange dashed dotted).

holes, it is always beneficial to work at the lowest possible temperature, but there is
an optimum magnetic field. For our fiber, the best value for 7}, is obtained at 0.65 K

and around 500 G.

6.1.4. Concentration dependence

Next, we characterize and compare the magnetic field dependence of the long decay
rates T, at T' = 0.8 K for three fibers of different Er-doping concentration: fiber 1
(the same as in the investigations described above) — 190 ppm (INO S/N 404-28252),
fiber 2 — 200 ppm (INO S/N 402-28254) and fiber 3 — 1200 ppm (INO S/N 502-
28255). Fig. b) shows the absorption profiles for the three fibers. The profiles

for the two low-concentration fibers (fiber 1 and 2) differ greatly, which we attribute
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Figure 6.5.: a) Dependence of the rate 1/T; on the magnetic field for fibers with dif-
ferent erbium doping concentrations and lengths. b) Absorption profiles
of the three fibers. ¢) Hole depth as a function of magnetic field. All
measurements are taken at 0.8 K, at 1532 nm for fibers 1 and 2, and at
1536 nm for fiber 3. Red: fiber 1 (190 ppm, 20 m), black: fiber 2 (200
ppm, 10 m), blue: fiber 3 (1200 ppm, 3 m).

to a difference in the co-dopants, and those of fiber 2 and 3, which features a very
different erbium concentration, are comparable, suggesting similar co-dopants. The
results of the rate measurements are shown in Fig. [6.5( a). We emphasize that the
rates for fibers 1 and 2, which feature almost identical Er ion concentrations, are very
similar over the entire range of magnetic field strength. Contrary to what one might
expect, this seems to suggests that the spectral hole burning properties are not much
affected by the co-dopants. However, comparing with the data obtained for fiber 3,
we find that the decay rates strongly depend on the erbium doping concentration. To
fit the data, we therefore include the concentration dependence only into oy, as and
az, and we assume that the spin inhomogeneous broadening, characterized by I'% and

v, is the same for the three fibers.
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As shown in Table we find that the value for « increases with Er doping concen-
tration, which is consistent with the assumption that the first term in Eq. [6.8|describes
spin flip flops. The concentration dependence of iy suggests that the dominant relax-
ation mechanism at high magnetic fields is through spin-elastic TLS involving motion
of Er ions rather than simple vibrational modes of glass — or TLS modes created by
Er ions [22]. For conclusive information about the scaling of these parameters, more
investigations using fibers with other doping concentrations are needed. Furthermore,
we find that the third term does not contribute to the decay rates measured at 0.8 K.
Finally, we assess the quality of the spectral hole burning in terms of the hole depth
for these three fibers after 50 ms waiting time and at T" = 0.8 K — the results are
shown in Fig. c). We find that the erbium ion concentration has a direct impact
on the hole depth — the smaller the concentration, the deeper the hole, which is due
to reduced spin flip flops. Furthermore, we see that the optimum magnetic field also
depends on the doping concentration, which is a consequence of the change in relative

importance of the spin flip-flop process versus coupling with TLS.

6.1.5. Conclusion

In conclusion, we established the existence of long-lived, narrow and deep persistent
spectral holes generated via spin-level storage in a rare-earth-ion doped amorphous
host material. More precisely, using a weakly doped silica fiber under an optimized
magnetic field, we observed population storage in electronic Zeeman levels of erbium

ions with lifetimes approaching a minute. We furthermore developed a model that
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identifies lifetime-limiting mechanisms, in particular spin flip-flops at low magnetic
fields and coupling to TLS and vibrational modes at high fields. The model shows
that the use of an amorphous host, which results in large spin inhomogeneous broad-
ening, and low doping concentration leads to small spin flip-flop rates even at low
magnetic fields, and hence to the possibility of observing deep and long-lived spectral
holes. Our study shines light on the fundamental interaction between impurities and
vibrational modes in glasses, which, as opposed to crystals, is still not well under-
stood. Furthermore, our findings allow parameter optimization in future applications
of persistent spectral hole burning, including optical quantum memories, photonic
processors, configurable filters, and long-lived optical storage elements for fiber-optic
communication. We emphasize that our investigations have been carried out on
the 1532 nm transition in erbium, which opens these applications to the convenient

telecommunication c-band.
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6.2. Coherence limiting two-level systems

As described in the previous sections, disordered host materials can make spectral
hole burning in REIs possible due to the increased spin inhomogeneous broaden-
ing. However, in terms of the minimum achievable homogeneous linewidths, disor-
dered materials gnerally have worse properties compared to crystalline hosts. Paper
7 (chapter shows that the narrowest measured homogeneous linewidth in our
erbium doped glass fiber is ~ 1MHz compared to 73 kHz in an erbium doped Y5SiOj
crystal [72]. It is known that in glassy hosts so-called two-level systems (TLS) or
local vibrational modes strongly limit coherence lifetimes. These TLS couple to the
REI spins and thus cause rapid spectral diffusion that results in broad homogeneous

lines and fast decoherence.

Already more than 30 years ago, the concept of TLS has been used to describe phe-
nomena related to the specific heat in amorphous materials at low temperature [73].
Since then, there have been many efforts to develop a theory that describes how
TLS affect spins of REIs and contribute to decoherence in a microscopic way. Up
to now, however, there is no model available that describes all observed phenomena
such as the temperature or magnetic field dependence of TLS-driven decoherence in
a universal way. Therefore, this section will omit an in-depth theoretical treatment
and will only provide a brief introduction to TLS and concentrate on how TLS are
responsible for spectral diffusion. A detailed review on theoretical and experimental

investigations on TLS can be found in [74] and, more recently, in [75]
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TLS can be understood as two possible arrangements of the local environment (i.e.
the molecules that form the disordered host) of a REI. Due to the two possible
arrangements, the potential energy of the system has two minima in which the system
is temporarily stable, hence the term two-level system. Since the temperature of the

sample is not zero, the system can tunnel from one minimum into the other.

TLS

Energy

Configuration coordinate

Figure 6.6.: Schematic of a TLS with barrier height 1}, well separation L and energy
difference A.
The tunneling rate depends on the barrier height Vj, well separation L, the difference
in energy A and the sample temperature. As observed in the measurements presented
in Paper 7 (chapter the tunneling rate can also be influenced by an external
magnetic field. The different models are mostly distinguished by their assumption on
the distributions of barrier height, and energy differences. With a given distribution of
TLS tunneling rates R and energy differences £ = v/AZ + L2 between the eigenstates

of the double well one can then compute the contribution of all TLSs to spectral
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diffusion-based broadening the homogeneous linewidth [70]

Emaz E
I7ES(T 1) o / sech? (
0

@) /dR P(R,E)(1—e ") dE. (6.2)

Early models [76] resulted in the correct, logarithmic time-dependence of the homoge-
neous linewidth but predicted a linear temperature dependence whereas experiments
resulted in I'755 oc T 1 < 1. It was shown by Silbey et al. that the correct
temperature dependence can be achieved using modified distributions for the barrier

height and energy difference [75].

Since TLS are a material property and inevitably linked to the amorphous nature
of the host, they pose strict limitations on the use of disordered hosts for quantum
memories or any application requiring long coherence times. However, due to their
broad inhomogeneous absorbtion profile and capability to enable spectral tailoring
using spin states, specifically in the case of erbium, these materials can still be use-
ful for broadband light-matter interfaces and quantum memories with short storage
times. Furthermore, TLS-driven decoherence can in principle be reduced by cooling

the medium to a lower temperature.
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6.3. Paper 7: Optical decoherence and spectral
diffusion in an erbium-doped silica glass fiber

featuring long-lived spin sublevels

Physical Review B, 94, 195138, 21 Nov 2016

6.3.1. Summary

The ultimate goal of our research on the erbium doped fibers presented in the previous
sections was to determine if it can be used to implement a broadband light-matter
interface that can be used to store qubits at telecom wavelengths around 1550 nm.
After we showed how to optimize spectral tailoring in this material, this paper inves-
tigates the coherence properties and the processes limiting the latter. We measured
coherence times and spectral diffusion and mapped out their dependence on tempera-
ture, magnetic field and concentration. These measurements allowed us to determine
the parameters under which coherence times are optimal. It was found that those
parameters coincide with the ones that are optimal for spectral tailoring. In partic-
ular, we found that at temperatures around 700 mK and magnetic fields around 500
Gauss, spectral features persist for up to 30 seconds and can be as narrow as 1 MHz
(corresponding to Ty = 0.3 ps). This made it possible to use the erbium doped fiber

as a quantum memory for photons at telecom wavelengths [69, [70, [71].

Furthermore, the manuscript includes a detailed model describing the various pro-
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cesses, including TLSs, contributing to the linewidth broadening. The model com-
bines the semi-empirical framework developed for amorphous hosts (see Eq. and
the theory describing spectral diffusion in erbium doped crystals [42] and successfully

reproduced the experimental data.

The experiments presented in this manuscript were performed by the first three authors
with equal contribution. Lucile Veissier and I developed the model describing the
experimental data. Lucile focused on the part describing spectral diffusion in erbium
doped crystals whereas I concentrated on the explanation of spectral diffusion caused

by TLSs. The first draft of the manuscript was written by Lucile Veissier and myself.
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Optical decoherence and spectral diffusion in an erbium-doped silica
glass fiber featuring long-lived spin sublevels
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Abstract: Understanding decoherence in cryogenically-cooled rare-earth-ion doped
glass fibers is of fundamental interest and a prerequisite for applications of these ma-
terial in quantum information applications. Here we study the coherence properties
in a weakly doped erbium silica glass fiber motivated by our recent observation of
efficient and long-lived Zeeman sublevel storage in this material and by its potential
for applications at telecommunication wavelengths. We analyze photon echo decays
as well as the potential mechanisms of spectral diffusion that can be caused by cou-
pling with dynamic disorder modes that are characteristic for glassy hosts, and by
the magnetic dipole-dipole interactions between Er®* ions. We also investigate the

effective linewidth as a function of magnetic field, temperature and time, and then
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present a model that describes these experimental observations. We highlight that
the operating conditions (0.6 K and 0.05 T) at which we previously observed efficient
spectral hole burning coincide with those for narrow linewidths (1 MHz) — an impor-
tant property for applications that has not been reported before for a rare-earth-ion

doped glass.

6.3.2. Introduction

Cryogenically-cooled rare-earth-ion (REI) doped materials offer unique spectroscopic
properties, such as narrow optical linewidths and long-lived shelving levels that allow
for spectral tailoring of their inhomogeneously broadened absorption lines. These
properties are required simultaneously in order to implement many of the potential
applications of REI-doped materials, including optical quantum memories [I, 2], as
well as classical and quantum signal processing [3, 4]. Compared to crystals, the
properties of REI’'s in amorphous hosts are generally very different because of the
intrinsic disorder of the environment. This disorder comes with some advantages,
in particular larger inhomogeneous broadening that is required for high-bandwidth
or spectrally multiplexed applications. Furthermore, the increased inhomogeneous
broadening of electron and nuclear spin transitions can inhibit spin diffusion that
leads to decoherence [5]. This reduction was a key factor in our recent observation
of efficient optical pumping into Zeeman sublevels with spin lifetimes reaching 30 s
in an erbium-doped fiber [6]. However, in addition to long-term storage mechanisms,

another prerequisite for the above-mentioned applications is a narrow homogeneous
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linewidth. REI-doped amorphous materials generally exhibit much larger homoge-
neous linewidths at liquid helium temperatures compared to REI-doped crystalline
hosts due to interactions with dynamic fluctuations in the environment that are tra-
ditionally modeled as bistable two-level systems (TLS) [7, [§].

Motivated by our recent observation of slow spin relaxation [6] in a weakly-doped
erbium-doped fiber that has allowed storing members of entangled photon pairs [9],
we now investigate coherence properties of such a fiber with special attention to
the regime of low magnetic fields where long Zeeman lifetimes were observed. More
precisely, we report the magnetic field and temperature dependence of the optical
coherence using two pulse photon echo (2PPE) and three pulse photon echo (3PPE)
techniques. The fiber studied here has very similar composition and Er-doping con-
centration as the one used in our previous studies [0 [9]. In particular, both fibers
feature long-lived persistent spectral holes with very similar characteristics.

Our paper is organized as follows. First, we discuss the results of the 2PPE measure-
ments including the observed non-exponential echo decays in the context of spectral
diffusion. We then present a detailed analysis describing the observed behaviors that
combines elements from theoretical and semi-empirical models that have been devel-
oped in the past for glassy and crystalline hosts. In agreement with results of previous
studies [10, [11], we find that coupling with TLS significantly limits the coherence life-
times to less than 1 us even at high magnetic fields and temperatures as low as 600
mK. However, an important new finding is that the best coherence properties exist at
weak magnetic fields of around 0.05 T, which correspond to the optimal field strength

for persistent spectral hole burning in this material [6]. This result is highly desir-
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able for applications requiring both long coherence times as well as long spin state

lifetimes.

6.3.3. Experimental details

Our silica glass fiber (INO Canada, S/N 404-28565) is 25 m long and contains erbium,
aluminium, germanium and phosphorus co-dopants. The Er and Al doping concen-
trations in the core are 80 ppm and 1800 ppm, respectively, and the concentrations
of Ge and P are unknown. The fiber is cooled to temperatures as low as 7' = 600 mK
using an adiabatic demagnetization refrigerator (please note that, unlike fluoride and
tellurite glass fibers, silica glass fibers are easy to use at cryogenic temperatures),
resulting in an optical depth of oL = 1.6 at A = 1536 nm wavelength. Magnetic
fields B of up to 2 T are applied by means of a superconducting solenoid.

To perform the 2PPE (or 3PPE) measurements, we used two fiber-coupled electro-
optic modulators to generate excitation pulses from a continuous wave external-cavity
diode laser operating at A = 1536 nm. The light was then amplified using an erbium-
doped fiber amplifier (EDFA). In order to suppress spontaneously emitted and am-
plified light from the EDFA, we filtered the output in polarization with a polarizing
beam-splitter, in frequency with a 1 nm bandpass filter, and in time using an addi-
tional intensity modulator before sending the excitation pulses into the Er**-doped
fiber. The first pulse was 4 ns long, and the duration of the second (and third in case
of 3PPE) pulse was 8 ns. All pulses emerging from the fiber were detected with an

amplified photodetector (Newport AD-200xr). Since any persistent hole-burning will
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Figure 6.7.: Two-pulse photon echo peak intensity as a function of the time delay
between the two excitation pulses at 7' = 0.7 K for B = 0.05 T (blue
dots) and B = 1 T (yellow dots). The pulse sequence is shown in the
inset. The experimental data are fitted by a single-exponential function
(dashed lines) with characteristic decay constants 7o = 247 £ 14 ns and
T5 = 396 4+ 16 ns.

affect the echo signal strength, we ensured that the repetition period of the experiment

exceeds the characteristic (magnetic field dependent [0]) persistence lifetime.

6.3.4. Two-pulse photon echo measurements — analysis and
model

The optical coherence properties of the fiber can be extracted from two-pulse photon
echo measurements. In a 2PPE sequence, two short pulses, separated by a waiting
time t1o are sent into an inhomogeneously-broadened ensemble of absorbers. This

gives rise to the emission of an echo at time ¢15 after the second pulse. The variation
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of its intensity as a function of 5

I(try) = Tpe "otz (6.3)

reveals the homogeneous linewidth I'y, (which is inversely proportional to the coher-
ence lifetime: T, = (773)"!) assuming that all absorbers have the same coherence
properties. Fig.[6.7 shows typical examples of the echo intensity as a function of the
pulse separation ty5 for B = 0.05 T and B = 1 T. The echo decays clearly show
a non-exponential behavior: they deviate from a single exponential fit (see dashed
lines) roughly at t15 > 0.2 s, and feature a slower decay after this point. This differs
from what has been observed in previous investigations of coherence properties in
Er-doped fibers, where simple exponential decays were reported [12], [IT] — most likely
because the dynamic range of the echo decays in theses past studies was smaller. In
our case, the experimental echo decays can be fitted by the sum of multiple exponen-
tial functions, which could suggest the presence of several classes of ions with distinct
coupling strengths to their environment, or of several distinct perturbing processes.
However, these explanations are not likely for an amorphous host where a random
distribution of different site environments is usually assumed.

Due to the amorphous nature of the fiber, we expect a broad, continuous distribution
of coherence-limiting processes to affect the Er3* ions. Of particular importance are
changes in the local electric or magnetic field at the Er®* ion position; they result in
time-dependent shifts of its optical transition frequency — so-called spectral diffusion

— which is taken into account by using an effective homogeneous linewidth I'eg. As
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Energy

Configuration coordinate

Figure 6.8.: Spectral diffusion processes in a rare-earth ion doped glass. The local
environments of the optically probed Er3* ions in the center of the grey
circle are perturbed by either direct interaction with fluctuations in the
state of neighboring TLS (depicted on the right-hand side), or interaction
with fluctuations in the state of other Er®* spins in the local environment
driven by TLS or another Er®* ion. Inset: double-well potential-energy
structure of the TLS, with asymmetry energy A, barrier energy V, and
well separation L.

depicted in Fig. [6.8] these shifts can arise due to interactions with neighboring TLS’s
(or tunneling modes) and Er*" spins, each described by two states featuring a certain
energy splitting and random population fluctuations at a certain local rate [13, [14].

Two-level systems [7, [§] are intrinsic to amorphous materials and are present with
a continuous distribution of flip rates R and energy splittings £ that both depend
on the asymmetry energy A, well separation L, and barrier energy V; (see inset of
Fig. , as well as on the magnetic field in certain cases (so-called spin-elastic or

magnetic TLSs) [15), 11, 12]. Thus, the calculation of the intensity of a 2PPE must
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include integration over a continuous distribution of rates and energy splittings:

I(t12) = Iy / / e~ (RETO 2 IR 4 F | (6.4)

where

Teg(R, E,T,t) =To(T) 4+ Tsp(E, T)P(R,E)(1 — e 1) . (6.5)
['o(T) is the intrinsic homogeneous linewidth (without spectral diffusion), and the
spectral diffusion linewidth I'sp is given by

E
Tsp(E, T) = Ipax sech? (%—T) : (6.6)

where I',.x is the maximum possible linewidth broadening caused by spectral diffu-
sion, k the Boltzmann constant, and 7" the temperature [16]. Furthermore, the prob-
ability distribution for finding a TLS with energy E and flipping rate R, P(R, E), is

given by
B 1
R\/1— R/Ruax(E)

P(R,E) (6.7)

with Ryax(E) o< E? coth (%) [17]. In the case of interactions with a magnetic TLS
or the spin of another Er3* ion, the energy E is given by gupB, where ¢ is the
effective g-value for the perturbing TLS or Er®* ion, up the Bohr magneton, and B
the applied magnetic field. Using Eq. one can fit ['eg to the individual echo decays

by summing over five individual processes: spectral diffusion due to direct interaction

of the probed Er*" ions with non-magnetic (process 1) or magnetic (process 2) TLSs;
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spectral diffusion due to interaction of the probed Er®* ions with pairs of coupled
Er3* spins in the environment that randomly exchange spin states (Er3*-Er3* spin
flip flops) (process 3); and spectral diffusion due to interaction of the probed Er®T ions
with Er®* spins that are strongly coupled to magnetic (process 4) or non-magnetic
(process 5) TLSs that drive spin flips (i.e. Er*™-TLS flip flops). Due to the data
set being limited in size and quality as well as computational complexity, we did not
succeed in fitting all echo decays with one unique set of model parameters. However,
as we will describe next, restricting the coherence-limiting processes to (1), (3) and
(4), we were able to reproduce the magnetic field and temperature dependence of
the single-exponential fits to our data shown in Figl6.7 for the effective homogeneous

linewidth Ty (B, T).

6.3.5. Temperature and magnetic field dependence of the
effective homogeneous linewidth

To extract the effective homogeneous linewidth as a function of magnetic field and
temperature, we fit all measured echo decays using the single exponential function
described in Eq. (after replacing I', with Iey). These fits describe the coher-
ence data over the first decade of the decays, thereby restricting the assessment of
coherence-limiting processes to that region of the data; nevertheless, we should note
that the first decade of the decay represents the dominant decoherence mechanisms
that are primarily responsible for the performance in applications, with the different

behaviors observed at longer times resulting from either higher-order processes and
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Figure 6.9.: Magnetic field dependence of the effective homogeneous linewidth ['.g at
T = 0.74+0.05 K. The dashed lines shows the theoretical prediction of

Eq. with the set of parameters in Table .

correlations or groups of minority ion sites in the material.

In Figs. and we plot examples of the experimentally obtained effective
linewidth e as a function of magnetic field for a fixed temperature and as a function
of temperature for two different magnetic fields. In the case of varying magnetic field
(Fig. , we observe two components. The first one is magnetic field independent
and has been attributed to dephasing due to non-magnetic, or elastic, TLS [12 [11].
At 0.7 K its contribution to the Er3* homogeneous linewidth in our fiber is roughly
0.75 MHz. The second component is magnetic field dependent: it dominates at small
magnetic fields and is rapidly suppressed as the field increases. This behavior has been
attributed to spectral diffusion due to the interaction of Er®* ions with magnetic TLS
[12, [11] , or other Er*" ions in the environment [15]. The latter process is regularly
observed in Er3*-doped crystals [I8, [19, 20]. In the region of low magnetic field, we

observe a local minimum at B ~ 0.05 T, followed by a local maximum at B ~ 0.15 T.
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Figure 6.10.: Temperature dependence of the effective homogeneous linewidth ['e¢ at
B = 005 T and B = 2 T. The dashed lines shows the theoretical
prediction of Eq. with the set of parameters in Table .

This behavior is similar to what has been observed in Er**-doped crystals, such as
Er3*t:LiNbO3 and Er*t:KTP [19, 20], and can be explained by the competition be-
tween two mechanisms: the interaction between Er?* ions, which decreases with B,
and the interaction between Er3* ions and resonant TLS, which increases with B
according to the TLS density of states [6]. Note that the overall effect of the spectral
diffusion caused by Er-Er interactions i.e. processes (3,4,5) is 0.7 MHz at 0.1 T and
0.7 K in our 80 ppm Er-doped fiber, whereas it is about 40 kHz at the same magnetic
field and at 3 K in a 80 ppm Er*":LiNbOj crystal [I9]. Thus, this contribution is
larger in the fiber, but due to the broadening of the spin transition reducing spin flip
flops, it is suppressed more rapidly with the application of a magnetic field.
Investigating ['eg at low and high magnetic fields as a function of temperature (Fig. ,
we observe that both components increase nearly linearly with temperature. This
agrees with the characteristic behavior of TLS-limited coherence [21], in which the

effective linewidth is proportional to 7™, with values of n reported between 1 and 1.5
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[12], 13, 1],

6.3.5.1. Spectral diffusion model

Next, we fit the effective linewidths using a model that takes into account the three
processes described previously (1, 3, and 4). Our model combines what has been
proposed for amorphous media [21] and crystals (in particular in the case of Er:YSO

[18]). We write the coherence lifetime as

2 (FO + OéoTn) FSDR
Ty =——7-—" 1 —-1]. 6.8
2 FSDR (\/ * 7T(F0 + OéoTn)2 ) ( )

Here, I'y is the homogeneous linewidth at 7' = 0 K, ag is a constant describing the

direct interaction with non-magnetic TLS (process 1), and 1 < n < 1.5. The term
%FSDR represents the shortening of the coherence lifetime through spectral diffusion
caused by magnetic dipole-dipole interactions (since the Zeeman energy level split-
tings are on the order of kT, only spins are thermally activated and thus, the dynamics
are dominated by magnetic dipole-dipole interactions between co-dopants) with sur-
rounding Er®* spins, which are flipped by neighboring Er-ions or TLS (processes 3

and 4). The associated flipping rate R can be described by

(6.9)

The first term corresponds to spin flip-flops between Er3* ions, with a coupling co-

efficient ay (process 3). We include broadening of the inhomogeneous linewidth I'g
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Ty (0.0 = 0.5) MHz
ap | (1.1£0.5) MHz/T"

n 1.14+04
Geme 14.4+1.6

2 /Tmax | 348 £ 42 (T K)~!

Table 6.2.: Parameters resulting from the 2-dimensional fit of Eq. to Leg(B,T).

of the spin transition with magnetic field, i.e. I's, = 'S + 7sB, with '} = 1.5 GHz
and s = 150 GHz/T, as observed in our previous work on spin relaxation in erbium-
doped fiber [6]. The second term corresponds to flip flops with magnetic TLS, with
a coupling coefficient as (process 4). While this effect is in some ways analogous to
the coupling with phonons in crystals, we observed in the same previous work that it
is proportional to B, i.e. has a different dependence on the magnetic field due to the
difference in the density of states of the TLS [22]. The flip-flop rate increases with
magnetic field for B > 0.05 T, which opposes the reduction of the linewidth I'sp with
B, hence giving rise to the local maximum observed in the magnetic field dependence
of the homogeneous linewidth (see Fig. . Fitting Eq. to the magnetic field
and temperature dependence of the homogeneous linewidth T'eg(B,T') results in the
parameters listed in Table . The values of T’y and ~g have been fixed to the values
found in our previous investigation of 1.5 GHz and 150 GHz/T, respectively [6].

The agreement between our model and the experimental data is exemplified by the
data sets shown in Figs. and [6.10] Furthermore, the value of 1.1 for the exponent
n is in agreement with previous work [12 13, 1], and the value of gen, = 14.4,

while large, is within the allowed range from 0 to 18 for the *I;5/; levels of Er** ions
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[23], 241, 25, 26, 27, 28]. We also note that the rate of Er*™ spin flips, characterized
by «; and s, is on the order of MHz to GHz.However, we reported spin relaxation
(i.e. spin flip) rates on the order of Hz in our previous study of persistent spectral
hole burning in a similar fiber [6]. We believe that this large difference in behavior
can be explained by the broad distribution of spin relaxation rates spanning the
entire range from Hz to GHz. The coherence lifetime is limited by spectral diffusion
that occurs at the fastest rate whereas the possibility for persistent spectral hole
burning is determined by Er®* ions with the slowest rates; in addition to causing
spectral diffusion, the small fraction of rapidly relaxing ions leads to the observed
temperature-dependent limit on the maximum hole depth.

Overall, the coherence properties improve at low temperature and high magnetic
fields, with an optimum of I'eg = 0.55 MHz at 7" = 0.64 K and B = 2 T (see
Fig. 6.10). However, the broadening of the effective linewidth at magnetic fields of
around 0.05 T (at which persistent spectral hole burning is possible) is small enough to
allow linewidths of approximately 1 MHz at 7' = 0.64 K (see Fig. . This property
has not been previously observed [10, [I1], possibly due to differences in co-dopants
(phosphorus in our fiber and lanthanum in the fiber studied, e.g., in [10]). Another
interesting observation is that the value for 'y predicts a very narrow linewidth for
T — 0 K. However, note that this is only an extrapolation of our observations down
to T'= 0.6 K, and it is likely that other processes limit the linewidth to a constant

value at lower temperatures.
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6.3.6. Three-pulse photon echo measurements — spectral
diffusion at large timescales

Finally, to investigate spectral diffusion at timescales comparable to the excited-state
lifetime of Er®* (11 ms), 3PPE measurements were carried out at a temperature of
T = 0.76 K. We chose two values of the magnetic field: B = 0.06 T for which the
coherence lifetime exhibits a local maximum, and B = 2 T for which the effect of
spectral diffusion due to Er3*-Er®* interaction is small and the coherence is limited by
the interaction with TLS. For these measurements, the separation time t;5 between
the first two pulses was held constant at 50 ns and the echo intensity was measured
as a function of the time t93 between the second and third pulse, with to3 varying

between 0.001 ms and 35 ms. The echo intensity is given by

I (tia,t03) =

]— 7t23/T]_ /8 TZ 7t23/TZ *t23/T1 ? (6 10)
0 e + 5 m (6 —e ) .

x €—4t127rreﬁ(t12,t23) '

where [ is a scaling coefficient and 5 the branching ratio from the excited-level (with
lifetime 77) to the other Zeeman sublevel of the ground state (with lifetime 77) [1§].
A fit to our data with T} = 11 ms yields the effective homogeneous linewidth I'.g that
depends on t15 and to3.

The measurement results are shown in Fig. [6.11] which also includes fits of the ex-
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pected logarithmic dependence of Teg on to3 due to coupling to TLS in fiber [16] 29]:

t
Feff(tlg,tzg) = F(to) + Y 1Og10 (?) . (611)
0

Here, I'(tg) is the effective linewidth at the minimum value of t15 + to3 = ty, and 7 is
a coupling coefficient. The value of I'(¢y) is set to the one we measured in the 2PPE
at the same magnetic field. We find excellent agreement for v = 0.376 MHz/decade
at B = 0.06 T and v = 0.410 MHz/decade at 2 T. We find that, as in the case
of short waiting times, our Er**-doped fiber features better coherence properties for
small magnetic fields. Furthermore, effective linewidths at long waiting times barely
improve when increasing the field to 2 T. This implies that spectral tailoring of the
absorption profile with MHz resolution is possible even after large delays of up to

hundreds of ms. In particular, this allows our fiber to be used as a quantum memory

for light [9].

6.3.7. Conclusion

In conclusion, we have experimentally and theoretically investigated decoherence and
spectral diffusion over a large range of timescales in an erbium-doped fiber similar
to the one in which persistent hole burning has recently been demonstrated [6]. Our
model combines the semi-empirical model framework developed for amorphous hosts,
where spectral diffusion is caused by the interaction with two-level systems, and the
theoretical framework successfully applied previously for Er®*-doped crystals, where

spectral diffusion is due to Er**-Er3* magnetic dipole interactions. Most importantly,
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Figure 6.11.: Effective homogeneous linewidth as a function of ¢53, derived from 3PPE
measurements at 7' = 0.76 K at B = 0.06 T (empty circles) and B =
2 T (filled circles). The experimental data is fitted by Eq. with
v = 0.376 MHz/decade and 0.410 MHz/decade at B =0.06 T and 2 T

respectively.

we found coherence lifetimes at small magnetic fields, at which Zeeman lifetimes can
be as long as seconds, that are comparable to those at high magnetic fields. This is
crucial for applications in the field of quantum information processing, in particular

quantum memory for light [9].
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7. Conclusion

The overall goal of this thesis was to show that spectroscopic properties such as
population lifetimes and homogeneous linewidths of REIs can be improved by engi-
neering host materials. The specific focus was to develop materials that allow for
high-quality spectral tailoring thus benefit applications such as quantum memories.
Towards that goal, two approaches were pursued: Suppression of direct phonon pro-
cesses and suppression of interaction between neighboring REI spins. Both relaxation
mechanisms cause transitions between energy levels and thus reduce population life-

times and broaden homogeneous linewidths via spectral diffusion.

Towards the goal of phonon suppression in small, REI doped powders, we first showed
theoretically that such a restriction can be achieved if powders are sufficiently small
and hence the phonon density of states is zero at the desired frequencies. Various
methods such as chemical synthesis and mechanical grinding were studied in order
to produce powders that satisfy this condition along with that of good crystal qual-
ity. We found that any kind of mechanical processing creates amorphous phases and

residual strain in the crystallites. This damage could be partially repaired through
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thermal annealing.

By studying relaxation processes between crystal field levels in Th3*:Y3Al5015, we
found that imperfect powders can lead to observations that can wrongfully be inter-
preted as signatures of phonon suppression. We show that sensitive powder charac-
terization methods are needed together with several complementary measurements
to unambiguously demonstrate phonon suppression. Our time-resolved fluorescence
measurements of relaxation dynamics are consistent with phonon suppression in small
particles. However, we also observe that relaxation between crystal field levels is still
possible via nonradiative processes — most likely related to glass-like dynamics in the
nanocrystals. To exploit the effect of phonon suppression for possible applications,
fabrication and annealing methods must be further improved and materials that are

less sensitive to host imperfections must be chosen.

As a result of these investigations, we performed initial experiments on SiV cen-
ters in nano-structured diamond since their symmetry makes them largely insensitive
to nanofabrication methods. Furthermore, SiVs allow for experiments with single
emitters in a diamond nanopillar that is produced via electronbeam lithography and
chemical etching. Our numerical simulations predicted phonon suppression in pillars
below 150 nm diameter. However, up to now we were not able to observe this effect
experimentally. As described in the outlook, we expect to show and apply phonon

suppression through improvements in our fabrication methods.
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In order to demonstrate the reduction of interaction between neighboring spins, we
also studied erbium-doped glass fibers. Erbium is of specific interest since it fea-
tures an optical transition that is compatible with the wavelengths used for existing
telecommunication infrastructure. However, in crystals, interaction between neigh-
boring erbium spins prevent applications, specifically at low magnetic fields. Our
studies revealed that in a disordered material, i.e. the glass fiber, the spin inhomoge-
neous broadening is much larger than in a bulk crystal. This increase in broadening
was found to significantly reduce spin-spin interactions to a degree where spin flip-
flops are slow enough to enable efficient and persistent spectral tailoring, a prerequisite

for many applications.

To assess the possibility for implementations of a quantum memory protocol with the
erbium doped fiber, we also investigated coherence-limiting processes in that medium.
It was found that two-level systems common to amorphous hosts strongly limit co-
herence properties and cause homogeneous linewidths of at best 1 MHz. However,
our experiments identified a set of operational parameters that made it possible to
use the studied fiber for proof of principle experiments of a single- and multimode

quantum memory and an integrated processor for photonic quantum states.

Ultimately, we conclude that it is indeed possible to engineer spectroscopic properties
of impurities in solid-state hosts through modifications of the host material, although
significant efforts have to be undertaken to ensure that fabrication processes do not

degrade the overall quality of the material.
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8. Outlook

Up to now, imperfect material quality prevented us from demonstrating complete
phonon suppression in REI-doped materials. In future, the various powder materials
could be improved by performing the chemical synthesis with ultra pure precursors.
In addition, systematic studies on thermal annealing are expected to lead to materials
with better crystal quality. As a long-term goal, however, it would be highly beneficial
to explore the use of nano-machining tools such as focused ion beam milling and
chemical etching for the fabrication of phononic crystals. Such structures would have
a deterministic crystal orientation and scatter light less strongly compared to powders.
Together with the suppression of detrimental phonons, these advantages should make
applications possible.

Future work on this project should also focus on optimization of the diamond sub-
strates and the fabrication process to create nano-pillars that suppress the undesired
lattice vibrations. Initial efforts could concentrate on reducing strain in the diamond
samples that is caused by mechanical polishing. We believe that most of the damage
is contained on the surface of the diamond chip. Thus, we hope to be able to access

regions that are less strained by etching away several micrometers of material from
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the diamond top surface. In addition, thermal annealing methods, which have suc-
cessfully relieved strain in REI host materials, should be explored in order to further
improve the samples. Subsequently, fabrication methods used to create nano-pillars
can be optimized by tuning the parameters of the chemical etching, such as flow rates
of the various gases, and by exploring new etching chemistries, i.e. alternative gases.
The goal of this step is to achieve the smoothest possible surfaces. At the same time
it would be advantageous to optimize the electron beam lithography process such
that smaller pillars can be obtained, which should make the observation of phonon

suppression easier.

In parallel, one should start studying ensembles of SiVs with the goal of using them
as a quantum memory, potentially based on the AFC protocol. Through this ap-
proach it may become possible to combine a multimode quantum memory based on
SiV ensembles, which would be very beneficial for high-rate quantum communication,
with individual SiVs that feature enhanced spin coherence times due to phonon sup-
pression. The latter could be used for local processing of quantum information. Such
a hybrid system would pave the way towards a quantum network with distributed

computing nodes connected by high-rate communication channels.
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Copyright Owners. One Author/Copyright Owner may sign on behalf of all the contributors/owners
only if they all have authorized the signing, approved of the License, and agreed to be bound by it.
The signing Author and, in the case of a Work Made for Hire, the signing Copyright Owner warrants
that he/shelit has full authority to enter into this License and to make the grants this License contains.

1. The Author must please sign here (except if an Author is a U.S. Government employee, then
please sign under #3 below):

Author Signature Print Name Date
2. The Copyright Owner (if different from the Author) must please sign here:
Name of Copyright Owner Authorized Signature and Title Date

3. If an Author is @ U.S. Government employee, such Author must please sign below.
The signing Author certifies that the Work was written as part of his/her official duties and is
therefore not eligible for copyright protection in the United States.

Name of U.S. Government Institution (e.g., Naval Research Laboratory, NIST)

Author Signature Print Name Date
PLEASE NOTE: NATIONAL LABORATORIES THAT ARE SPONSORED BY U.S. GOVERNMENT
AGENCIES BUT ARE INDEPENDENTLY RUN ARE NOT CONSIDERED GOVERNMENT
INSTITUTIONS. (For example, Argonne, Brookhaven, Lawrence Livermore, Sandia, and others.)
Authors at these types of institutions should sign under #1 or #2 above.

If the Work was authored under a U.S. Government contract, and the U.S. Government wishes to
retain for itself and others acting on its behalf, a paid-up, nonexclusive, irrevocable, worldwide
license in the Work to reproduce, prepare derivative works from, distribute copies to the public,
perform publicly, and display publicly, by or on behalf of the Government, please check the box
below and add the relevant Contract numbers.

O Contract #(s) [116.1]

Figure A.2.: Part of the Journal of Luminescence copyright agreement granting me

permission to use paper 2 in my thesis.
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A.3. Paper 3

Paper 3 was submitted to the Journal of Luminescence. Fig. shows the part of

the copyright agreement granting me permission to use this paper in my thesis.

Journal author rights

In order for Elsevier to publish and disseminate research articles, we need publishing rights. This is determined
by a publishing agreement between the author and Elsevier. This agreement deals with the transfer or license of
the copyright to Elsevier and authors retain significant rights to use and share their own published articles.
Elsevier supports the need for authors to share, disseminate and maximize the impact of their research and
these rights, in Elsevier proprietary journals* are defined below:

For subscription articles

For open access articles

Authors transfer copyright to the publisher as part
of'a journal publishing agreement, but have the
right to:

* Share their article for Personal Use, Internal
Institutional Use and Scholarly Sharing purposes,
with a DOI link to the version of record on
ScienceDirect (and with the Creative Commons
CC-BY-NC- ND license for author manuscript
versions)

Retain patent, trademark and other intellectual
property rights (including research data).

Proper attribution and credit for the published
work.

Authors sign an exclusive license agreement, where
authors have copyright but license exclusive rights in
their article to the publisher**. In this case authors
have the right to:

* Share their article in the same ways permitted to
third parties under the relevant user license
(together with Personal Use rights) so long as it
contains a CrossMark logo, the end user license,
and a DOI link to the version of record on
ScienceDirect.

" Retain patent, trademark and other intellectual
property rights (including research data).

Proper attribution and credit for the published
work.

Figure A.3.: Part of the STAM copyright agreement granting me permission to use

paper 2 in my thesis.

A.4. Permission of co-authors

The following includes the permission of all co-authors (in alphabetical order) to use

the respective papers in this thesis.

e Paul Barclay see Fig. [A.4] and
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Rufus Cone see Fig. and [A.7]

Mohsen Falamarzi see Fig.

Morgan Hedges see Fig.

Erhan Saglamyurek see Fig.

Charles Thiel see Fig. [A.11] and [A12]

Wolfgang Tittel see Fig. [A. 13| and [A.14]

Lucile Veissier see Fig.

Philip Woodburn see Fig.
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Re: permission to use papers

Subject: Re: permission to use papers
From:
Date: 12/4/2017 11:58 AM

To: I
Hi Thomas,
| grant permission.

Paul

On Dec 4, 2017 11:41 AV S /ot

Hi Paul,

| am just finishing up the last corrections for the thesis. However, |
would also need your permission to include the following papers:

1) Modification of phonon processes in nanostructured
rare-earth-ion-doped crystals

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Rufus L. Cone, Paul E.
Barclay, and Wolfgang Tittel

Phys. Rev. A 94, 013801 — Published 1 July 2016

2) Effects of fabrication methods on spin relaxation and crystallite

quality in Tm-doped powders studied using spectral hole burning

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn,

Rufus L. Cone, Paul E. Barclay & W. Tittel, Science and Technology of
Advanced Materials, Pages 63-70 | Received 26 Sep 2015, Accepted 23 Jan
2016, Published online: 16 Mar 2016

3) Effects of mechanical processing and annealing on optical coherence
properties of Er3+:LiNbO3 powders, Thomas Lutz, Lucile Veissier, Charles
W. Thiel, Philip J.T. Woodburn, Rufus L. Cone, Paul E. Barclay, Wolfgang
Tittel, Journal of Luminescence, 2017

4) Quadratic Zeeman effect and spin-lattice relaxation of Tm3+:YAG at
high magnetic fields

Lucile Veissier, Charles W. Thiel, Thomas Lutz, Paul E. Barclay,
Wolfgang Tittel, and Rufus L. Cone

Phys. Rev. B 94, 205133 — Published 22 November 2016

5) Modification of relaxation dynamics in Th3+:Y3AI5012 nanopowders T.
Lutz, L. Veissier, P. J. T. Woodburn, R. L. Cone, P.E. Barclay, W.
Tittel, CW. Thiel

6) Efficient and long-lived Zeeman-sublevel atomic population storage in

1lof2 12/4/2017 11:59 AM

Figure A.4.: Email (part 1) from Paul Barclay granting me permission to publish the
papers of which he is a co-author.
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Re: permission to use papers

an erbium-doped glass fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges,
Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 92, 241111(R) — Published 14 December 2015

7) Optical decoherence and spectral diffusion in an erbium-doped silica
glass fiber featuring long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek,
Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 — Published 21 November 2016

Could you please send me a brief email granting me permission to use
these in my thesis?
Thank you very much,

Thomas

20f2 12/4/2017 11:59 AM

Figure A.5.: Email (part 2) from Paul Barclay granting me permission to publish the
papers of which he is a co-author.
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RE: permission to use papers in thesis

Subject: RE: permission to use papers in thesis
From:
Date: 8/30/2017 4:08 PM

To: Thorma:

Dear Thomas,

This email is to grant you permission to use the requested papers which you listed below.
Sincerely,

Rufus

Subject: permission to use papers in thesis

Dear Rufus,

I am currently working on my thesis in which I would like to include the papers we wrote
together. As you probably know, I require your permission to do that. Specifically, I want
to include the following

papers:

1) Modification of phonon processes in nanostructured rare-earth-ion-doped crystals Thomas
Lutz, Lucile Veissier, Charles W. Thiel, Rufus L. Cone, Paul E.

Barclay, and Wolfgang Tittel

Phys. Rev. A 94, 013801 - Published 1 July 2016

2) Effects of fabrication methods on spin relaxation and crystallite
quality in Tm-doped powders studied using spectral hole burning

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn,
Rufus L. Cone, Paul E. Barclay & W. Tittel, Science and Technology of
Advanced Materials, Pages 63-70 | Received 26 Sep 2015, Accepted 23 Jan
2016, Published online: 16 Mar 2016

3) Effects of mechanical processing and annealing on optical coherence
properties of Er3+:LiNb03 powders, Thomas Lutz, Lucile Veissier, Charles
W. Thiel, Philip J.T. Woodburn, Rufus L. Cone, Paul E. Barclay, Wolfgang
Tittel, Journal of Luminescence, 2017

4) Quadratic Zeeman effect and spin-lattice relaxation of Tm3+:YAG at
high magnetic fields

Lucile Veissier, Charles W. Thiel, Thomas Lutz, Paul E. Barclay,
Wolfgang Tittel, and Rufus L. Cone

Phys. Rev. B 94, 205133 - Published 22 November 2016

5) Modification of relaxation dynamics in Tb3+:Y3A15012 nanopowders T.
Lutz, L. Veissier, P. J. T. Woodburn, R. L. Cone, P.E. Barclay, W.
Tittel, C.W. Thiel

1of2 8/30/2017 4:08 PM

Figure A.6.: Email (part 1) from Rufus Cone granting me permission to publish the
papers of which he is a co-author.
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RE: permission to use papers in thesis

6) Efficient and long-lived Zeeman-sublevel atomic population storage in
an erbium-doped glass fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges,
Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 92, 241111(R) - Published 14 December 2015

7) Optical decoherence and spectral diffusion in an erbium-doped silica
glass fiber featuring long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek,
Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 - Published 21 November 2016

Thank you very much,

Thomas

20f2 8/30/2017 4:08 PM

Figure A.7.: Email (part 2) from Rufus Cone granting me permission to publish the
papers of which he is a co-author.
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Hi Thomas,

| am writing this email to give you permission to place the following paper into your thesis.
Optical decoherence and spectral diffusion in an erbium-doped silica

glass fiber featuring long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek,

Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 — Published 21 November 2016

Cheers,

Mohsen

Figure A.8.: Email from Mohsen Falamarzi granting me permission to publish the
papers of which he is a co-author.
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Re: permission to use papers in thesis

Subject: Re: permission to use papers in thesis
From: Morgan Hedges
Date: 7/11/2017 4:10 PM

To: Thomas Lo

Yep, of course. Does that mean your submitting by publication? Glad you're getting that thesis thing
done in any case. They can sometimes be... unpleasant

Need any proof reading yet? I'd love to find out what you've been up to. Last time | spoke to Charles it
sounded like you'd been doing interesting stuff.

Morgan

On Wednesday,uly 12, 2017 |
Hi Morgan,
it has been quite a while. | hope you are doing well.
I am currently working on my thesis in which | would like to include the papers we wrote on the
erbium doped fiber. As you probably know, | require your permission to do that. Specifically, | want
to include the following paper:
1) Efficient and long-lived Zeeman-sublevel atomic population storage in an erbium-doped glass
fiber
Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges, Charles W. Thiel, Rufus L. Cone,
and Wolfgang Tittel
Phys. Rev. B 92, 241111(R) — Published 14 December 2015

Thank you very much,

Thomas

lofl 7/11/2017 4:11 PM

Figure A.9.: Email from Morgan Hedges granting me permission to publish the papers
of which he is a co-author.
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Re: Permission to use papers in thesis

Subject: Re: Permission to use papers in thesis

prom; e Sagiomyure

Date: 7/10/2017 9:23 PM

To: Thoms Lo

Hi Thomas,

| give you my permission to use these two publications in your thesis. Good luck with your thesis
writing !

with my best wishes,

Erhan

On Mon, Jul 10, 2017 at 3:33 P, | <

Hi Erhan,

I am currently working on my thesis in which | would like to include the papers we wrote on the
erbium doped fiber. As you probably know, | require your permission to do that. Specifically, |
want to include the following 2 papers:

1) Efficient and long-lived Zeeman-sublevel atomic population storage in an erbium-doped glass
fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges, Charles W. Thiel, Rufus L.
Cone, and Wolfgang Tittel

Phys. Rev. B 92, 241111(R) — Published 14 December 2015

2) Optical decoherence and spectral diffusion in an erbium-doped silica glass fiber featuring
long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek, Charles W. Thiel, Rufus L.
Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 — Published 21 November 2016

Thank you very much,

Thomas

lofl 7/10/2017 9:40 PM

Figure A.10.: Email from Erhan Saglamyurek granting me permission to publish the
papers of which he is a co-author.
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Re: permission to use papers in thesis

Subject: Re: permission to use papers in thesis
From: Charles

Thomas,

Yes, of course you have my permission to use all of the papers in your thesis.

Charles

On 8/30/2017 4:03 PM, Thomas Lutz wrote:
Hi Charles,

I am currently (partially) working on my thesis in which I would like to include the
papers we wrote together. As you probably know, I require your permission to do that.
Specifically, I want to include the following papers:

1) Modification of phonon processes in nanostructured rare-earth-ion-doped crystals
Thomas Lutz, Lucile Veissier, Charles W. Thiel, Rufus L. Cone, Paul E. Barclay, and
Wolfgang Tittel

Phys. Rev. A 94, 013801 - Published 1 July 2016

2) Effects of fabrication methods on spin relaxation and crystallite quality in Tm-doped
powders studied using spectral hole burning

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn, Rufus L. Cone,
Paul E. Barclay & W. Tittel, Science and Technology of Advanced Materials, Pages 63-70 |
Received 26 Sep 2015, Accepted 23 Jan 2016, Published online: 16 Mar 2016

3) Effects of mechanical processing and annealing on optical coherence properties of
Er3+:LiNbO3 powders, Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J.T.
Woodburn, Rufus L. Cone, Paul E. Barclay, Wolfgang Tittel, Journal of Luminescence, 2017

4) Quadratic Zeeman effect and spin-lattice relaxation of Tm3+:YAG at high magnetic
fields

Lucile Veissier, Charles W. Thiel, Thomas Lutz, Paul E. Barclay, Wolfgang Tittel, and
Rufus L. Cone

Phys. Rev. B 94, 205133 - Published 22 November 2016

5) Modification of relaxation dynamics in Tb3+:Y3A15012 nanopowders T. Lutz, L. Veissier,
P. J. T. Woodburn, R. L. Cone, P.E. Barclay, W. Tittel, C.W. Thiel

6) Efficient and long-lived Zeeman-sublevel atomic population storage in an erbium-doped
glass fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges, Charles W. Thiel,
Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 92, 241111(R) - Published 14 December 2015

1of2 8/31/2017 8:22 AM

Figure A.11.: Email (part 1) from Charles Thiel granting me permission to publish
the papers of which he is a co-author.
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Re: permission to use papers in thesis

7) Optical decoherence and spectral diffusion in an erbium-doped silica glass fiber
featuring long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek, Charles W. Thiel,
Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 - Published 21 November 2016

Thank you very much,

Thomas

20f2 8/31/2017 8:22 AM

Figure A.12.: Email (part 2) from Charles Thiel granting me permission to publish
the papers of which he is a co-author.
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Re: permission to include papers

Subject: Re: permission to include papers
From:
Date: 12/4/2017 12:58 PM

To: I
Dear Thomas,
I hereby give you permission to include these papers into your thesis.

All the best,
Wolfgang

Dr Wolfgang Tittel

in Quantum Secured Com
University of Calgary, Canada
http://www.gc2lab.com

On Dec 4, 2017, at 11:40, G

Hi Wolfgang,

I am just finishing up the last corrections for the thesis. However, I would also need
your permission to include the following papers:

1) Modification of phonon processes in nanostructured rare-earth-ion-doped crystals
Thomas Lutz, Lucile Veissier, Charles W. Thiel, Rufus L. Cone, Paul E. Barclay, and
Wolfgang Tittel

Phys. Rev. A 94, 013801 - Published 1 July 2016

2) Effects of fabrication methods on spin relaxation and crystallite quality in Tm-doped
powders studied using spectral hole burning

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn, Rufus L. Cone,
Paul E. Barclay & W. Tittel, Science and Technology of Advanced Materials, Pages 63-70 |
Received 26 Sep 2015, Accepted 23 Jan 2016, Published online: 16 Mar 2016

3) Effects of mechanical processing and annealing on optical coherence properties of
Er3+:LiNbO3 powders, Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J.T.
Woodburn, Rufus L. Cone, Paul E. Barclay, Wolfgang Tittel, Journal of Luminescence, 2017

4) Quadratic Zeeman effect and spin-lattice relaxation of Tm3+:YAG at high magnetic
fields

Lucile Veissier, Charles W. Thiel, Thomas Lutz, Paul E. Barclay, Wolfgang Tittel, and
Rufus L. Cone

Phys. Rev. B 94, 205133 - Published 22 November 2016

5) Modification of relaxation dynamics in Tb3+:Y3A15012 nanopowders T. Lutz, L. Veissier,
1of2 12/4/2017 1:05 PM

Figure A.13.: Email (part 1) from Wolfgang Tittel granting me permission to publish
the papers of which he is a co-author.
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Re: permission to include papers

P. J. T. Woodburn, R. L. Cone, P.E. Barclay, W. Tittel, C.W. Thiel

6) Efficient and long-lived Zeeman-sublevel atomic population storage in an erbium-doped
glass fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges, Charles W. Thiel,
Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 92, 241111(R) - Published 14 December 2015

7) Optical decoherence and spectral diffusion in an erbium-doped silica glass fiber
featuring long-lived spin sublevels

Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek, Charles W. Thiel,
Rufus L. Cone, and Wolfgang Tittel

Phys. Rev. B 94, 195138 - Published 21 November 2016

Could you please send me a brief email granting me permission to use these in my thesis?

Thank you very much,

Thomas

20f2 12/4/2017 1:05 PM

Figure A.14.: Email (part 2) from Wolfgang Tittel granting me permission to publish
the papers of which he is a co-author.
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Re: permission to use papers

Subject: Re: permission to use papers

From: Lucile Veissier
Date: 12/4/2017 4:12 PM

To: Thomas Lutz I

Thomas,

| give you permission to include the following papers in your thesis:

1) Modification of phonon processes in nanostructured rare-earth-ion-doped crystals
Thomas Lutz, Lucile Veissier, Charles W. Thiel, Rufus L. Cone, Paul E. Barclay, and Wolfgang Tittel
Phys. Rev. A 94, 013801 — Published 1 July 2016

2) Effects of fabrication methods on spin relaxation and crystallite quality in Tm-doped powders studied using spectral hole burning
Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn, Rufus L. Cone, Paul E. Barclay & W. Tittel, Science and Technology of
Advanced Materials, Pages 63-70 | Received 26 Sep 2015, Accepted 23 Jan 2016, Published online: 16 Mar 2016

3) Effects of mechanical processing and annealing on optical coherence properties of Er3+:LiNbO3 powders, Thomas Lutz, Lucile
Veissier, Charles W. Thiel, Philip J.T. Woodburn, Rufus L. Cone, Paul E. Barclay, Wolfgang Tittel, Journal of Luminescence, 2017

4) Quadratic Zeeman effect and spin-lattice relaxation of Tm3+:YAG at high magnetic fields
Lucile Veissier, Charles W. Thiel, Thomas Lutz, Paul E. Barclay, Wolfgang Tittel, and Rufus L. Cone
Phys. Rev. B 94, 205133 — Published 22 November 2016

5) Modification of relaxation dynamics in Th3+:Y3AI5012 nanopowders T. Lutz, L. Veissier, P. J. T. Woodburn, R. L. Cone, P.E. Barclay, W.
Tittel, C.W. Thiel

6) Efficient and long-lived Zeeman-sublevel atomic population storage in an erbium-doped glass fiber

Erhan Saglamyurek, Thomas Lutz, Lucile Veissier, Morgan P. Hedges, Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel
Phys. Rev. B 92, 241111(R) — Published 14 December 2015

7) Optical decoherence and spectral diffusion in an erbium-doped silica glass fiber featuring long-lived spin sublevels
Lucile Veissier, Mohsen Falamarzi, Thomas Lutz, Erhan Saglamyurek, Charles W. Thiel, Rufus L. Cone, and Wolfgang Tittel
Phys. Rev. B 94, 195138 — Published 21 November 2016

Lucile Veissier

On 4 December 2017 at 19:41, G

Hi Lucile,

So, the day came and | am just finishing up the last corrections for the thesis. | would need your
permission to include the following papers:

1) Modification of phonon processes in nanostructured rare-earth-ion-doped crystals

1lof2 12/4/2017 4:20 PM

Figure A.15.: Email from Lucile Veissier granting me permission to publish the papers
of which she is a co-author.

291



Thomas!

| hope you can get it written quickly so you can get a high paying job so the only powder you
have to think about is the fresh powder falling from the sky!

Yes you have my permission.
Good luck sir,

Tino

On Wed, Aug 30, 2017 at 4:05 PM, Thomas LutZ i ot

Hi Tino,
1 hope you are doing well and are enjoying Montana's summer. | am currently (partially)

working on my thesis in which | would like to include the papers we wrote together. | require
your permission to do that. Specifically, | want to include the following papers:

1) Effects of fabrication methods on spin relaxation and crystallite quality in Tm-doped powders
studied using spectral hole burning

Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J. T. Woodburn, Rufus L. Cone, Paul E.

Barclay & W. Tittel, Science and Technology of Advanced Materials, Pages 63-70 | Received 26
Sep 2015, Accepted 23 Jan 2016, Published online: 16 Mar 2016

2) Effects of mechanical processing and annealing on optical coherence properties of
Er3+:LiNbO3 powders, Thomas Lutz, Lucile Veissier, Charles W. Thiel, Philip J.T. Woodburn,
Rufus L. Cone, Paul E. Barclay, Wolfgang Tittel, Journal of Luminescence, 2017

3) Modification of relaxation dynamics in Th3+:Y3AI5012 nanopowders T. Lutz, L. Veissier, P.
J. T. Woodburn, R. L. Cone, P.E. Barclay, W. Tittel, C.W. Thiel

Thank you very much,

Thomas

Figure A.16.: Email from Philip Woodburn granting me permission to publish the
papers of which he is a co-author.
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