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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 photonic signal processing, and
quantum-limited sensing. Realization of practical solid-state photonic technologies critically
depends on finding materials that offer necessary combinations of optical and spin-state
coherence, spectral multiplexing capacity, transition wavelengths, and many other key
properties. To realize these advances, we continue to improve the fundamental understanding
and control of physical processes that govern ion-ion, ion-spin, and ion-lattice interactions.
Furthermore, exploring the role of material chemistry and fabrication in determining the
observed properties is crucial.

With these motivations, we study a range of rare-earth-doped optical materials using
powders and single crystals to understand and optimize the properties relevant to quantum
memory, quantum transduction, photonic signal processing, and optical cooling applications. In
addition to producing, measuring, and analysing spectroscopic and coherence properties of
promising material systems, we highlight the engineering of lattice defects to manipulate both
static and dynamic disorder. This work spans nine different REI doped materials: four single
crystals, Tm®*:Y3GasO12, Y03 :YVO4, Er¥*:Y3AI5012, and Er¥*:Y,SiOs, and five crystalline
powders, Er¥*:LiNbOs, Tm**:Y3Als012, Th3*:Y3AIs012, Yb3*:YAG, and Eu®*:CaCOs. These
choices are based on material properties unique to each system, need for investigation, or
potential for systematic comparison of fabrication methods and stoichiometry.

Spectral hole burning (SHB), optical and spin coherence measurement techniques are
sensitive quantitative characterization tools, complementing traditional optical, chemical, and
structural analysis. We find that coherence and spin lifetimes are especially sensitive to low
levels of strain and defects in the crystal, undetected by other methods. Properties of REI doped
materials are found to vary by orders of magnitude depending on the source, synthesis, and
implementation of the materials. Even mild mechanical processing producing large variations in
spin lifetimes and SHB properties. These variations are attributed to low levels of glass-like
dynamics in the crystalline lattice introduced by inhomogeneous strain and chemical defects,
which can be reduced or eliminated by annealing or improved fabrication. Overall, these studies
reveal that SHB or coherence measurements are needed to identify material dynamics and guide
the fabrication process to reach the true fundamental capabilities of REI materials.
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CHAPTER 1

INTRODUCTION TO RARE EARTH IONS

Backaground of Rare Earth lons in Solid State Materials

Rare earth ions doped into solid-state crystalline materials are used for fundamental
research and commercial technologies because they have the most complex and useful spectra of
all the known elements [1-3]. The rare earth ion’s visible and infrared spectra are due to the
fourteen possible electrons in the 4fN shell and the energy transitions within the 4f" shell. Using
the resonant wavelengths of these intra-configuration transitions, the rare-earth-ion (REI) doped
materials can be used for new optical technologies [4-9]. Some of these optical systems include
laser frequency narrowing and stabilization [10-15], high-bandwidth optical signal processing
[16-19], optical filtering for medical imaging technology [20-22], and optical memory systems
[6,9,10,23-25]. The REIs can transfer and store quanta of information while preserving the
frequency and phase coherently; thus, they are ideal for proof of concept and scaling quantum
architectures such as quantum transducers and quantum memories [11,23-33].

Commercial applications built using REI doped materials are important in a wide range
of industries. These include neodymium and ytterbium high powered lasers for manufacturing
and machining, erbium optical amplifiers for global broadband communications, as well as
europium and thulium phosphors used in an ever-growing number of visible optical applications.

The focus of this work is developing new and current REI doped materials for optical

applications. Understanding how the materials are produced, their fundamental physical and
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optical properties, and the needs of the applications, we can utilize the entire process of growing

crystals and the optical technologies using them from the ground up.

The 4fN Electrons of Rare Earth lons

The lanthanide elements doped into insulators are generally trivalent ions, giving up two
electrons from the outermost electron orbital shell and one from the 4fN orbital shell. The radial
orbit extent of the remaining 5s, 5p, and 6s electrons extend beyond the 4f orbital shell. These
outer electrons of the REISs participate in the chemical bonding with the surrounding crystal ions
or ligands. Unlike the 3dV, 4dV, 5d" orbitals of transitions metals, the 4fN electron shell is
effectively shielded from the host’s materials bonding forces, minimizing significant changes to
the 4N shell.

The central field radial contribution of the Hamiltonian, which can be modeled as
spherically symmetric, separates the electron configurations but does not remove the degeneracy
of the 4f" configuration. The major contributions to the 4fN electronic energy level structure are
the inter-electronic repulsion and the spin-orbit coupling. The inter-electronic repulsion separates
levels by 10* cm™, and the spin-orbit coupling has energy levels on the order of 10° cm™. An
effective Hamiltonian term describing the crystal environment, the “crystal field,” makes the
smallest nominal contribution, typically around 10? cm™. The hierarchy of these contributions is

shown in Figure 1.1.
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Figure 1.1. lllustration of the interactions affecting the energy levels of 4fN configurations in
lanthanide ions.

The partially filled 4fN electron orbitals of the rare earth ions provide unique optical
properties. The REI’s optical transitions are between the 4f"-4fN states, which are nominally
forbidden quantum transitions. However, these transitions are weakly allowed due to the crystal
field breaking the symmetry by adding small admixtures of opposite parity electron
configurations. This “forced” electric-dipole character of the transition makes the transition
probability low, and thus the oscillator strengths are weak, allowing long excited state lifetimes.

Since the 4fN electrons are shielded inside the bonding electrons, unlike transition metals,
the rare earth ion 4fN-4fN transitions have weaker electron-phonon coupling. The REIs can have
very narrow linewidths at liquid helium temperatures, which can provide large peak absorption

coefficients despite the weak oscillator strength.
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Narrow optical transitions occur throughout the spectrum from the infrared to the
ultraviolet. Since the larger scale energy structure of the f-f transitions primarily arises from the
ion’s internal electronic structure and is weakly dependent on the material, the transitions in the
crystal are similar in all host materials. This property allows photonic components to be designed
around a particular REI transition. While many different host materials are available the details
of the transitions must be measured.

A universal diagram thus can be made for REI energy levels independent of host
materials. Known as the Dieke diagram, in honor of Wilhelm Dieke who directed extensive
measurements of the optical transitions for each trivalent rare earth ion [1]. When choosing and
identifying rare earth transitions in new materials the nominal labeling of the major 25*1L,
manifolds is used as seen in Figure 1.2, where S is the total spin angular momentum, L is the
total orbital angular momentum, and J is the total angular momentum. The REI’s require
intermediate coupling, so the L and S in the REI term symbols are not good quantum numbers.
The total angular momentum J is a good quantum number, and the number of crystal field levels
is equal to 2J + 1. Where the odd electron ions with half integer spin will have double degenerate
crystal field levels which can be split by a magnetic field.

The lowest energy transitions between J-multiplets are of the greatest interest for spectral
hole burning applications. The energy gap between the lowest level of the J-multiplet or the next
lowest energy manifold needs to be large compared to the phonon energies. That ensured that the
excited ions primarily relax by optical radiative emission to the lower states. The higher energy
states of each J-manifold are more homogeneously broadened due to rapid non-radiative

relaxation to lower states.
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Figure 1.2. Dieke Diagram showing energy levels of the trivalent rare earth ions erbium, thulium
and ytterbium. The red arrows signal the transitions in use in this thesis. The diagram is scaled in
wavenumbers and wavelength and the visible spectrum, which is marked in color.

Resonant Linewidths of REI in Crystals

At room temperature, phonons are the largest contribution to the linewidth, producing
homogeneously broadened spectral lines. Cooling the crystal below 10 K will suppress the
dynamics phonon perturbations, and the homogeneous lines can become extremely narrow.

Therefore, optical and spin properties of rare earth ions are studied at cryogenic temperatures.
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The crystalline environment of a resonant ion varies from site to site within a single
crystal; thus, the ions experience different local transitions due to strain, caused by crystal
imperfections, impurities, or defects. The static strain variation at each site slightly shifts the
center of the transition frequency, and at low temperature, the spectral lines of rare earth
activated materials are inhomogeneously broadened [10]. The REI can have millions of
homogeneous lines under the inhomogeneous absorption packet, where each line is an ensemble
of ions, in different spatial locations, which are excited at the same frequency. The ensembles
can be used to store wavelength and amplitude information as well as phase and temporal
information.

The homogeneous linewidth, I'n, is nominally the same full width at half max energy
width for each resonant ion in the material and ideally has a Lorentzian line shape. The dynamic
perturbations to the transition frequency or phase due to various mechanisms, combine to
broaden the homogeneous linewidth and disrupt the transition’s coherence. These mechanisms
include phonon scattering, electronic or nuclear spin flips, dynamic disorder, or other low energy
mechanisms allowing the REI to fluctuate between similar energy states [4]. The linewidth and
shape can be used as a direct measure of the static and dynamic disorder in the material,
providing information on the defects responsible for the broadening [34].

The inhomogeneous linewidth, T'inn, 0f REI activated single crystal materials can vary in
scale. For example, Er**:YSiOs has an Tinn = 500 MHz while Tm:YGG has an T'inh = 56 GHz.
Thus, there can be as many as 108 homogeneous lines within the inhomogeneous line for single

crystal materials [24].
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All these properties combine to make rare earth activated materials very useful in
photonic technologies. However, choosing and finding the ideal crystal for an application is not
always straightforward. Knowledge of the fundamental properties helps inform which material

should be pursued next.

Outline of Dissertation

A range of rare earth ion doped materials are used to understand how the optical and
guantum properties change between REIs and host materials. This study focuses on
characterizing and fabricating optical materials for fundamental science and innovative
technologies.

In Chapter 2, an overview of the fabrication is given for the materials used. The
motivation for each material is described, with an insight into why the REI and host combination
was chosen. Chapter 3 reviews the characterization and equipment for each spectroscopy method
used and summarizes other characterization techniques used for both the powders and single
crystals. The orientation of an anisotropic sample such as the biaxial Y2SiOs is especially
important. Therefore, the crystallographic orientation of birefringent materials is simple, quick,
and effective using crossed polarizers in Chapter 4. Then each chapter focuses on a specific
material studied. In Chapter 5, the electron spin coherence of Er:Y2SiOs is used to demonstrate
microwave to optical quantum transduction [33]. In Chapter 6, the Tm:Y3GasO12 system g-tensor
is characterized with a full rotational analysis in a magnetic field to study how linewidths and
coherence properties are affected. In Chapter 7, the Yb:YVO; crystal is characterized for
guantum applications and found to be an ideal candidate for the 980 nm ytterbium transition with

narrow inhomogeneous and homogenous linewidths ideal for new quantum applications [35]. In
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Chapter 8, the Er:Y3AlsO12 crystal is characterized for photonic applications, measuring the
linear and quadratic Zeeman shifts and orientation dependance, and the coherence time are
measured as a function of magnetic field and temperature to study the decoherence mechanisms
of the 1527 nm erbium transition. REI doped crystal powders are pursued in Chapters 9, 10, 11,
and 12 to determine if powders can be used in place of a single crystal for optical technologies.
The REI powders were fabricated and characterized to find how different processing influenced
the material’s optical and coherence properties. In Chapter 9, the Tm:Y3Als012 spin relaxation
properties were used to characterize the powder fabrication process [36]. In Chapter 10, The
mechanical processing and annealing of Er:LiNbO3 powder is studied [37]. In Chapter 11, the
relaxation dynamics of Th:YAG are altered through different fabrication techniques [38].
Chapter 12 explores optically levitated particles and solid-state laser cooling for quantum limited
optical sensors. Finally, a closing perspective on the materials used in this thesis and concluding

remarks are given in Chapter 13.
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CHAPTER 2

RARE EARTH ION DOPED MATERIAL PROPERTIES AND SYNTHESIS

Survey of Materials Studied

The Cone/Thiel group has a long history of studying materials for quantum and classical
information processing. Many materials are characterized in the quest to find the ideal material.

Ideally, the spectral properties of every crystal that can incorporate a rare earth ion would
be characterized. At least 500 single crystals have been identified to be useful as a laser material
and there are many more that may be useful for new technologies [39,40]. Therefore, a few
selected high-quality single crystal materials and powders produced and compared to the bulk
crystal are studied in detail.

All the crystal materials used are insulating dielectric inorganic oxides doped with REIs
at suitable concentrations. The materials include Y3AlsO12, Y3GasO12, Y2SiOs, YVO4and
LiNbOs. Obtaining high-quality single crystal samples of these materials can be difficult, so it
has been to our advantage that the Cone/Thiel group has collaborated with Scientific Materials
since they started growing crystal in Bozeman in 1989. The quality of the crystal can
significantly influence the properties of the material, which are especially pronounced when the
optical and electron spin coherence of the REI material are measured.

The chemical properties, dopant levels, symmetry, orientation, and other physical
properties along with material production, should all be considered. The materials chosen all
have the essential crystal properties needed for laboratory and industrial use. The requirements

include several factors such as, chemical inertness and stability at standard temperatures and
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atmospheres, hardness, and fabrication considerations such as toxicity, melting point, the
feasibility of growth, cleavage planes, availability of material and an operational transparency
range around the REI transition of interest [42]. Low defect and inclusion density is wanted to
minimize scattering for high clarity. Choosing host materials with low or zero nuclear spin atoms
can reduce decoherence mechanisms in the REI [41,43].

Single crystals are more easily grown into large boules if they have uniform thermal
properties; specifically, higher thermal conductivity and lower thermal expansion coefficients are
desirable and are especially beneficial for high-power laser materials. Hardness, chemical, and
atmosphere stability allow more uniform, longer lasting polished optical surfaces.

Powders of crystalline material are of interest because many devices are miniaturized,
and the powders can give insight into how a REI material will perform when scaled down.
Materials properties such as size and shape that could not be investigated as single crystals can
also be characterized. Powders also open the possibility to survey a larger number of material
iterations without the cost of growing single crystal boules.

There are hundreds of REI transitions across the series; therefore, the best transitions will
depend on the research or application of interest. The REI will have long lifetimes and long
coherence times; thus, the transition will not have energy levels close enough together that the
ion can relax through phonons or non-radiative transitions. A transition that is resonant with
commercially available laser technology is also a great advantage in technology. Each REI
material has distinct differences and advantages, therefore, the motivation and the details of the

transition for the REI used in each study are discussed.
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Rare Earth Doped Single Crystals

The single crystals studied here are Er¥*:Y2SiOs (Er:YS0), Tm**:Y3GasO12 (TM:YGG),
and Yb*:YVO4 (Yb:YVO), along with the single crystals compared to the powders,
Er**:LiNbOs (Er:LN), Tm*":Y3Als012,(TM:YAG), and Th*":Y3AIs012 (Th:YAG).

Both single crystals and powders were studied to find materials for quantum information
systems. However, often it was found that the single crystals have superior optical and coherent
properties compared to the powders. Thus, they are generally preferred over powders and often
needed to compare against for high resolution spectroscopy research. All single crystals were
grown using the Czochralski growth technique, which has advantages over powders, include
longer absorption paths; they can be oriented, faceted, and polished. However they are more

expensive to synthesize and fabricate.

Er**:Y,SiOs

The motivation to use erbium doped yttrium orthosilicate, Er*:Y2SiOs, (Er:YSO), started
with a collaboration between the Cone Lab and Scientific Materials when the first photon echoes
were observed in Er:YSO [45,46]. Erbium doped into the YSO crystal is attractive because the
*11512¢> *l1312 transition has a radiative excited state lifetime of 10 ms. A series of Er:YSO
growths enabled the crystal’s quantum properties to be engineered to produce the narrowest
optical linewidth of any solid state material, 75 Hz. These groundbreaking studies have
influenced research groups worldwide to study many REIs in the YSO crystal [107,118].

The study here began with an international collaboration between the Cone/Thiel group
and the Goldner group in Paris, France. The goal was to develop an understanding of how the

spin coherence properties of YSO could be influenced by introducing disorder to the crystal.
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New Y SO growths with a range of REI and other dopants including calcium were produced by
the Goldner group and brought to Bozeman by Sacha Wilinski to study. This collaboration
demonstrated that Er:YSO is an ideal material for transferring quantum information between
microwave frequencies and optical frequencies.

The crystal chosen for the experiments was 0.005% Er:YSO (#6-429) grown by
Scientific Materials. This particular crystal was used because only 50 ppm of the natural
abundance of erbium isotopes erbium was doped into the crystal allowing the Er'®” zero nuclear
spin isotope’s electron spin transitions to be measured with little interference. Y2SiOs is also a
low nuclear spin host, which significantly decreases the decoherence of the erbium ions. Where
yttrium only has spin of % in the single stable isotope, and the major natural abundance of silicon
and oxygen have 0 spin. . The YSO unit cell’s space group is C2/c, No. 15, with 64 atoms,
consisting of 8 formula units [47]. The rare earths substitute into the two spatially and
symmetrically different Y3* sites. Both sites have the lowest C1 symmetry but are surrounded by
a different number of oxygen ions. There are two magnetically inequivalent subgroups for each
site [48].

We built custom RF waveguide holders to measure the electron spin lifetimes and the
spin coherence as seen in the supplementary material in Chapter 5. A magnetic field can split the
optical transitions of erbium to be in resonance with a microwave signal. As a result, the
guantum efficiency in transferring photons from microwave to optical is nearly 100%.
Furthermore, the optically excited-state electron spin coherence properties were found to be ideal
since the excited state population can be controlled and the decoherence of the spin flip flops are

minimized [33].
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Tm3":Y3Gas012

The thulium doped yttrium gallium garnet, Tm3*Y3GasO12 (Tm:YGG), is a material
being used in emerging photonic technologies such as signal processing and quantum memories
in quantum information applications. Ensembles of Tm** ions in YGG are ideal for high-
bandwidth quantum memories because the material has long coherence times up to hundreds of
ps and the narrowest homogeneous linewidths of any thulium doped material known today [25-
27,49].

The Tm®* ion has three J-multiplets absorbing in the near infrared. The ground state is the
3He. The absorption around 1750 nm is to the 3F4, that at 1200 nm is to *Hs, and that at 795 nm is
to 3Ha. The 3He«>*Ha transition in Tm:YGG is centered at 795.325 nm (vacuum) with a 56 GHz
inhomogeneous linewidth and an absorption coefficient of 0.4 cm™ for a 1% Tm
concentration [49]. The index of refraction of YGG is 1.95 at 795 nm [179]. The absorption
coefficient is relatively weak [25] with an oscillator strength of about 18 x 10, smaller than
other Tm** doped materials [24].

The yttrium gallium garnet, YGG, is a direct analog to the yttrium aluminum garnet,
YAG, substituting gallium for aluminum. They are chemically resistant and non-hygroscopic,
have a high optical damage threshold, and incorporate rare earth ions into the yttrium sites. Both
YGG and YAG crystals can be produced using the Czochralski technique for high quality optical
oxide materials. Gallium garnets have a body centered cubic structure, space group la3D (0¥, #
230), with formula units AsB2C3012, where the A is the dodecahedral site, B is the octahedral
site, and C is the tetrahedral site, all trivalent cations. The O is the O divalent oxygen anion in
an octahedral site. A unit cell of the yttrium gallium garnet contains; 24 yttrium, 40 gallium, and

96 oxygen atoms, consisting of eight Y3GasO1. formula units, totaling 160 atoms in a cell [174].
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The cubic symmetry requires the dielectric constants to be isotropic. Therefore, there is no
optical axis or piezo properties that can be used to find the orientation. Laue X-ray photographs
are most commonly used to determine the crystal axes.

The increased static strain due to the gallium substituted for the aluminum makes
Tm:YGG’s inhomogeneous linewidth more than three times as wide as Tm:Y AG. Making
Tm:YGG ideal for extreme bandwidth RF spectrum analyzers or wide bandwidth photonic
memories. Scientific Materials/FLIR has produced over ten separate crystal growths of Tm:YGG
to be investigated as the core component of a photonic signal processing systems in a
collaboration between the Cone/Thiel group and S2 Corporation [17-20].

A collaboration with the quantum information group at the Delft University of
Technology also produced a study on Tm:YGG. Jake Davidson spent a few months at MSU
mapping out the thulium ion spin-Hamiltonian in YGG using a combination of spectral hole
burning, absorption spectroscopy, and optically detected nuclear magnetic resonance techniques.
Chapter 9 shows different orientations of the Tm:YGG crystal in an external magnetic field that
can extend the optical coherence times and or narrow spin inhomogeneous linewidths or improve

optical pumping by mixing spin states.

Yb**:YVO,

The Yb®* ion is an attractive choice when surveying REI materials for new technologies
because the single 4fN excited state manifold of the trivalent ytterbium ion is at 980 nm, where
many optical components are commercially available, including single-mode laser diodes. The
Yb*" doped yttrium vanadate (Yb:YVOs) crystal itself has an extremely high oscillator strength

making it very interesting for quantum information [50, 51]. In addition, the YVVO4 material is a
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relatively low nuclear spin host allowing for less decoherence in a paramagnetic ion, such as
Yb® or Er®*, with an odd number of electrons, also known as a Kramers ion. These properties
and the fact that fabrication techniques for nanoscale devices were recently developed for
quantum resonators using YVOs as a host [52] make Yb®*":YVQ4 a promising material for next-
generation technologies.

The Yb:YVO4 was surveyed for the energy level structure, the oscillator strengths, and
the coherence of the optical and spin transitions using high resolution spectroscopy. The high
absorption coefficient was measured using a crystal polished down to 90 um to ensure the
material was not over absorbed. An external cavity diode laser was used to excite and scan
across the optical absorptions revealing the underlying hyperfine transitions.

YVOs has excellent thermal, chemical, mechanical, and optical properties for the growth
of high quality materials. The pure material is widely used in fiber isolators, circulators, beam
displacers and other polarizing devices in the optical communication industry. The crystal is a
tetragonal uniaxial birefringent material with the space group Dan [53]. The Yb®" ions substitute
for Y** ions in sites of D2g point symmetry. The crystals were produced by Gamdan Optics using

the Czochralski growth method at a melting point is 1825 C.

Er**:Y3Als012

Current telecommunications infrastructure could be used in a quantum information
processing technology based on the 1.5 micron transition of an erbium doped material. Erbium
doped yttrium aluminum garnet, Er:-YAG, is a well known commercial product in the laser
industry. The YAG crystal is cubic and has the same symmetry as the YGG crystal and the

Czochralski techniques to grow high quality samples are optimized and multiple different
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concentrations can be produced. This makes Er:YAG an ideal candidate to perform a full high
resolution spectroscopic characterization under various conditions to determine the fundamental
physics allowing applications to develop around the material.

High resolution absorption measurements of the electronic structure of the excited state
crystal field levels of #1153, at the 1.5 micron wavelengths were made. Then fluorescence
measurements were made to determine the ground state crystal field levels 11552, time resolved
fluorescence and hole decays to measure the excited state lifetimes. The lowest to lowest
transition was measured on a 1% and 0.1% doped crystal, showing very little broadening of the 8
GHz inhomogeneous line. However, a 0.05% Er:Y1sLu15AlsO12 was found to have a 250 GHz
inhomogeneous linewidth, which could be quite interesting for wide bandwidth applications. The
inhomogeneous line was also measured in the 1% Er:YAG as a function of temperature; a
frequency shift was also observed.

The linear and quadratic Zeeman effects were mapped as a function of magnetic field
strength, up to 7 tesla magnetic field, and orientation using hole burning spectra to determine
each of the six erbium sites. The coherence lifetimes were also measured as a function of field,
orientation and temperature, and the spectral diffusion. Overall, the coherence lifetime was only

weakly dependent on orientation.

Rare Earth Doped Powders

The powder materials used here are Tm**: Y3Als012 (TM:YAG), Tb*":Y3Als012:
(Th:YAG), and Er®¥*:LiNbOs (Er:LN). The powders were produced and characterized to decide
the practicality of using simpler and more economical growth techniques to develop materials for

guantum memories and other hole burning applications.
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Tm®":Y3Als010

Tm:YAG was chosen for study in a powder form because the YAG crystal has been used
extensively to host rare earth ions and is used for a wide range of advancements in fundamental
material studies and applications [17,36,54,55,]. The material is an excellent host material for the
REIs with a cubic unit cell and the inversionless D2 local symmetry of all six Y** sites. The
yttrium dodecahedral site is a good fit for REI’s size and charge [56]. While the higher symmetry
can forbid transitions, the 793 nm transition of interest in Tm:YAG is allowed.

Tm:YAG is one of the most promising materials for new quantum or classical
information technology systems. With kHz homogeneous spectral lines under a 20 GHz wide
inhomogeneous absorption line, information can be stored at 100 Gbits/in? or higher [61,62].
Tm:YAG is used to process high time-bandwidth signals using coherent light interactions under
a multiple patents and can be used as a laser frequency stability reference using spectral holes
[63,64]. The branching ratios for a lambda system have also been mapped out enabling spectral
tailoring with coherent interactions [57-60].

The lowest energy transition of the 3He <> 3Ha crystal field levels of Tm®*in YAG is
centered at 793.379 nm. This level can be programmed and characterized with commercially
available lasers, such as the Titanium:Sapphire laser, GaAlAs semiconductor diode lasers, as
well as frequency doubled 1590 nm lasers.

Thulium has the advantage of having an even number of electrons and only a single
isotope, %9Tm, which has a ¥z nuclear spin. The even number of electrons implies non-
degenerate electronic states. Each electronic state only has Zeeman splittings in a magnetic field
due to the %2 nuclear spin of thulium giving two levels in the excited state and two in the ground

state [54]. Energy levels can also be split due to superhyperfine interactions with the nuclear
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spins of the host material. The 2’ Al super-hyperfine energy level structure can also be resolved
using spectral hole burning. The lifetimes of the thulium nuclear spins in Tm:YAG are shown to
be strongly affected by the fabrication process. The quality of the material was characterized
over a large dynamic range by measuring the hyperfine spectral hole lifetimes. Persistent
population storage in the nuclear spin hyperfine state of Tm:YAG has long lifetimes, optically
pumped and probed using a tunable laser on the order of hours. The resolution of the super-
hyperfine levels is used as a measure of the powder material quality along with SEM and XRD.

High energy and low energy types of crushing and ball milling were used to produce the
Tm:YAG powder material. Several different annealing processes were used to relieve the strain
in the material after it was crushed. After annealing powders of Tm:YAG in a tube furnace, the
coherence properties of the bulk crystal could be largely re-established in powders that were
ground by hand. However, the amount of strain induced into a powder during the grinding is not
always completely removed by the annealing process. Annealing at temperature up to 1400 C did
not provide enough thermal energy to drive the mechanically induced defects back into a
configuration that could regain the REI’s coherence quality in the bulk crystal.

Tm:YAG powder was also produced using the co-precipitation aqueous solution
fabrication technique [65]. A flux material such as LioCOs can be used to lower the melting point
of the YAG powders. The flux changed the surface and shape of powders producing
dodecahedral crystallites and increased the growth rate at lower temperatures. However,
contamination can then become an issue and can increase the decoherence of the material. The

growth of the powders does not induce strain in the material like the mechanical crushing, so if
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the impurities could be removed the powder growth could be an ideal way to survey Tm:YAG

and various iterations of the crystal and many different REI doped materials

Er¥*:LiNbO3

Er:LINbO3 erbium lithium niobate (Er:LN) is a desirable material for high bandwidth
quantum and classical information processing with narrow homogeneous lines under a wider
inhomogeneous line, with an unusually strong transition in the telecommunication C-band. The
host material is also well known to many industries and can be fabricated into devices.
Furthermore, the push to smaller size, weight, and power in all technology has increased the
demand for nanofabrication of optical devices. However, few studies have been done on how
reducing the size of the crystal material will affect the optical and coherent properties.

LN is the most produced transparent single crystal globally, with a production of over 50
tons per year. The growth of the LN crystal was developed at Bell labs [66]. It has been used for
linear and nonlinear devices, in situ biological imaging, modulators, lasers, and waveguides [67].
The congruent melting point is significantly non-stoichiometric (48.6 mol% of Li>O). Thus, most
of the material is produced congruently, however stoichiometric LiNbO3 can be grown [68] and
is of great interest [69].

LN has many properties that make it particularly interesting, including the ability to dope
the crystal with a wide variety of ions and all the REIs. The telecom wavelength transition of
Er:LN makes it a particularly useful and interesting material for applications. Good coherence
properties under a wide inhomogeneous absorption along with an unusually high oscillator
strength in the transition of interest allow lower concentrations of erbium if needed, which also

has the advantage of limiting the decoherence from Er3*-Er®* interactions.
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The crystal displays 3m point symmetry with a trigonal lattice structure described by the
R3c (no. 161) space group. The shifting of the lithium and niobium ions makes the material
ferroelectric, with a curie temperature of 1210 C. By symmetry, lithium niobate is piezoelectric,
pyroelectric and birefringent [66]. This richness of exploitable physical properties and
availability has enabled widely-varied research to be performed on the crystal. There are even
references to a “Lithium Niobate Valley” in the future where the crystal will surpass the use of
silicon [70].

In this study, the coherence properties of Er:LN were characterized using three
complementary techniques; spectral hole burning, two-pulse photon echoes, and free induction
decay. The three techniques were needed due to the large dynamic range of coherence properties

seen between fabrication runs.

Tb%:Y3Als012

The Th*" doped yttrium aluminum garnet was of interest because the energy level
structure would prove that REI materials can be engineered to minimize the phonons that exist in
the material. The phonons can be restricted by designing the material to be smaller than the
phonon’s wavelength [38]. Most of the phonon density of states can be quenched by lowering the
temperature of the material to liquid helium temperature. However, the lowest energy phonons
can still be present at 3 kelvin. This is because the lowest energy phonon modes are proportional
to the acoustic velocity of the material. YAG has a relatively high acoustic velocity of 6400 m/s.
Thus, the shortest wavelength phonon mode can in the powders are smaller than ~100 nm.

Therefore, particles under 100 nm should not support phonon vibrational modes.
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The lowest crystal field energy levels of Tb**:YAG in the °D excited state have a
splitting of only 35 GHz. The small energy gap can be bridged by low energy phonons present in
the material. By observing the population difference between the two crystal field energy levels
the density of states of the lowest phonon energy mode could be monitored.

A Cone Lab built nitrogen laser pumped a Hansch-type blue dye laser to excite the °D4
levels of Th**. A double monochromator was used to resolve the 35 GHz difference between the
fluorescence peaks from the two lowest °Ds crystal field levels in the excited state of the
Th:YAG powders. The population difference between the two states was monitored by
comparing the relative area of the two fluorescence peaks. Minimizing the density of phonons in
the material by making the powders smaller could be determined when the higher energy
fluorescence peak was smaller in magnitude due to less population in the energy level. The
optical relaxation dynamics were correlated with other factors, including the crystal powder
fabrication techniques, the crystalline structure and powder properties such as size, morphology
and phase. An in-situ temperature measurement of the material was also made by monitoring the
relative population of the two lowest levels in the ground state, which is separated by 85 GHz,

equivalent to a temperature of about 4 kelvin.

Svnthesis of Rare Earth Doped Crystals

An overview of single crystal growth is given to focus on essential parameters of the
Czochralski (CZ) method normally used in growing single crystal oxide materials used here.
Several different powder growth techniques were used to produce small crystallites of REI
materials compared to each iteration and characterized relative to a single crystal to decide which

production technique is most suitable to produce high optical quality REI materials.
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Single Crystal Growth

Many different methods are used to produce large single crystals, ranging from high
temperature melts to room temperature aqueous solutions. However, the single crystal oxides
used in this work can only be grown using a high temperature or high pressure system. The
Verneuil process is regarded as the first synthesis of high temperature single crystal gems, and
the first rubies were grown using it. Verneuil presented his sealed notes at the Paris Academy of
Science in 1891 but only announced his discovery ten years later in 1902. The method is still
used today for crystal growth, and many other techniques have been developed since, including
the Czochralski, Bridgeman, floating zone, and Kyropoulos methods.

For us, the most notable technique was developed by Jan Czochralski. While studying the
crystallization of metals in 1917, he accidentally dipped his pen into a crucible of cooling molten
tin and pulled the first crystal out of a melt of the molten material. He could not have imagined
the technological and industrial usefulness of this crystal growing technique for our society. The
After WWII, the technique was optimized at Bell Labs to grow large single crystals of

germanium containing p-n junctions [44].

Czochralski Method

The Czochralski or CZ method is now the preferred method for growing high-
performance single crystals we rely on today, including silicon, gallium arsenide, sapphires, and
REI doped oxides, silicates, vanadates, niobates, fluorides and many others. Moreover, the
general design developed by Czochralski over 100 years ago is still being used today to produce

new optical technologies because large crystal boules grown and fabricated for devices.
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The CZ method uses a seed crystal dipped into a melted mixture of the material to be
grown. Then, the crucible is held slightly above the melting point of the material of interest; the
grown material is delicately pulled while atoms or molecules transfer from the liquid melt to the

solid crystal surface in atomic order.

Parameters of CZ Growth Technigue

A Czochralski growth apparatus can be divided into two systems, the furnace and the
pulling system. The design of the furnace has a significant effect on the thermal axial and radial
gradients and the stability of the temperature. The pulling system influences the melt flow
dynamics by controlling the rotation rates of the seed and the diameter of the crystal. Each type
of crystal will also require different care on cool down procedures to prevent strain and cracks.
The coverage of all parameters of the CZ process is beyond the scope of this work. However,
some specific points have a considerable influence on the quality of the materials grown.

The interface between the solid and liquid is of particular interest for the growth of all
crystals because that is where the atoms are solidified into place, and the crystal structure is
formed. The solid-liquid interface in the CZ method can be concave, flat, or convex into the
melt. A fluctuating interface has been shown to produce problems in many types of crystals [42],
including thermal stresses, facetted interfaces, crystal cracking, impurity inhomogeneities, core
segregations and changes in stoichiometry. Therefore, the interface needs to be controlled
throughout the pulling of the CZ crystal growth. There are three distinct stages of the growth, the
shouldering, the body, and end growth, where the rotation and pull must be monitored to ensure

the interface is stable to produce high quality materials.



24

The parameters that give the greatest control of the interface are the rotation rate, pulling
rate, and thermal gradients. The rotation and pulling rate can control the flow direction of the
melt, the dynamics of the melt gradients and the shape of the interface.

The thermal gradients depend on the diameter of the crucible and crystal and the shape
and depth of the interface, which can lens blackbody radiation into the crystal having significant
effects depending on the absorption profile of the material. Radiative heat loss from the top of
the crucible is the main mechanism for the loss of thermal energy from a CZ system and the
main cause of thermal gradients outside of the crystal and melt. After-heaters can be used to
control thermal gradients as necessary to prevent the crystal from cracking and breaking when

cooling to room temperature.

Powder Synthesis of REI Doped Materials

Powder materials can be synthesized by two general methods, from the “bottom-up” or
“top-down.” Chemical synthesis or producing powders from the bottom up, starts with separate
chemical constituents that are reacted to produce the composition and phase of the powder
desired, and ideally, the size and shape as well. Two different chemical methods were used to
produce powders: the solgel technique and the co-precipitation technique. The advantages of
these methods include low sintering temperatures, good morphology homogeneity, and
distribution of particle sizes that can be made. The final stage of both methods is a solid-state
reaction, where the starting reagents have small volumes and large surface areas to maximize the
contact between reactants. The top-down route uses mechanical grinding or fracturing processes
on a single crystal of the necessary material composition to produce a powder of the desired size

and morphology.
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Pechini/SolGel Chemical Synthesis of Powders

The Pechini or SolGel method is a chemical synthesis route for oxides that can be
performed in a solution surrounded by a gel that allows oxides to be produced at temperatures
below their melting point. For example, using an aqueous solution of metal (M) alkoxide, M-
OC:2Hs, where the hydrolyzed precursor forms to make a polycondensation gel of M-O-M that
are cross-linked and uniform. The gel is aged for 24 hours and dried at 300 C to remove water
and residual organics. Higher temperatures are then used to synthesize the powder into the
crystal phase of interest using temperatures lower than the melting point of the specific

material’s phase.

Co-Precipitation

The co-precipitation method relies on a source of ions in an aqueous solution to react by
adding a precipitating agent, ammonium bicarbonate, or ammonia. The precipitating agent was
mixed dropwise into the solution to precipitate a precursor powder of the two constituent metals
such as aluminum and yttrium in an aqueous form. Oxides of the starting material can be used as
precursors but need to be dissolved in an aqueous solution such as nitric or hydrochloric acid.
Tm:YAG was synthesized using the co-precipitation method by dissolving nitrates into an
aqueous solution with ammonium bicarbonate. The precipitate was stirred in solution to ensure
the full reaction is complete. A polar soluble polymer such as polyvinylpyrrolidone was used in
the solution to keep the precipitate from agglomerating. A centrifuge was used to separate the
size of particles of interest, which are then filtered and washed to eliminate residual unwanted

material. The thermal processing on the precursor powders consists of drying the materials above
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100 C and finally sintering the material at high temperatures between 1000 C and 1500 C,

significantly lower than the 1950 C melting point of the bulk YAG materials.

Mechanical Processing of a Single Crystal into Powder

The mechanical processing of a single crystal into powder consists of crushing the crystal
into smaller pieces using various processes. Larger crystal can be thermally cycled to break into
smaller pieces, but more grinding or milling is needed to produce crystals powders with
diameters between 500 pum and 10 nm. Smaller pieces can be crushed by hand using a mortar
and pestle, a vice or press. Low and high energy ball mills were used to produce powders, and
results were compared to determine if the impact energy on the millings balls would produce
more strain in the powdered REI doped crystals. Although crushing and milling processes
introduce significant strain into the crystal, annealing the powder materials can relieve strain,

especially if the parent bulk material was not significantly strained.

Powders Post Processing

Annealing can repair the crystal powders to be the same quality as the bulk crystal in
some cases. Temperatures close to the materials melting point are favorable to relieve strain in
oxide materials, where lower temperatures do not supply enough energy for the defects to be
significantly moved in the material. A tube furnace is used in annealing runs where the
atmosphere is controlled; however, the peak temperature of our tube furnace was limited to
1400 C continuously. A high temperature box furnace was also used in later experiments,

annealing materials up to 1600 C continuously.
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Summary of REI Doped Material Properties

Synthesis of many REI doped materials for optical applications uses high temperature
techniques. The materials studied here are rare earth doped insulating oxides of YAG, LN, YGG,
and YSO in the form of single crystals and powders. The REI include thulium, erbium, and
ytterbium with concentrations as low as 2 ppm up to a few atomic %. Several techniques were
used to produce REI powders, which we compared to single crystals grown using the CZ growth
method.

Both powders and single crystals have their advantages. Powders can be produced in
multiple different methods to be surveyed quickly and are much less expensive to produce.
However, they can have unexpected problems such as excessive strain, impurities,
agglomeration, and surface effects. Single crystals have the advantage of being easily handled,
cut, and oriented with respect to the crystal symmetry and polished to produce smooth surfaces
with less optical scattering. However, single crystals are expensive to produce making it hard to
iterate between growth parameters. Overall, fabricating and using both forms of the material and
characterizing them with high resolution optical techniques can provide the best solution to

finding new and exciting materials for the next generation of technologies.
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CHAPTER 3

CHARACTERIZATION METHODS AND EQUIPMENT

Overview of Characterization

REI transitions characterized during this work range from the ultraviolet through the
visible into the infrared. The REI’s presented in the following chapters include terbium, thulium,
erbium, and ytterbium. These measurements build on the wide variety of equipment, knowledge,
and crystal materials studied over decades in the Cone/Thiel Rare Earth Spectroscopy Lab. The
REIs presented here were chosen because of their respective transition wavelengths and
relevance to the coherence and other optical properties needed for applications.

High resolution optical spectroscopy is the main characterization tool used when studying
rare earth ions in crystals. Imaging, structural, and chemical characterization techniques are also
used to draw correlations between traditional material properties and optical properties. Crystal
structural tools such as x-ray diffraction techniques were used to determine the crystalline phase
of new materials. Laue x-ray and optical birefringence were used to find the orientation of single
crystals before performing spectroscopy. Finally, the powders’ size, morphology, and facets

were characterized using optical imaging and scanning electron microscopy.

Optical Spectroscopy Equipment

Optical Components

The optical experimental setups include light sources, optics, cryostats, detectors,

electronics, and computers. Each REI transition requires different lasers, window coatings,
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fibers, and detectors. For the highest resolution spectroscopy stable lasers are needed, and
preferably a laser system that scans across a wide optical frequency range without mode hoping
or large variations in output power. Often the limiting factor in measuring REIs is the laser’s
linewidth or the ability to tune a laser across the frequency of the REI transition.

Single-mode diode lasers are becoming more common at a few of the REI wavelengths of
common use, such as 795nm Tm3*, the 980nm Yb®*, and the 1535nm Er®* transitions. Moreover,
with commercially available laser diodes, external cavity diode lasers in the Littrow or Litman-
Metcalf configuration can be built or purchased for tunable spectroscopic characterization.

The measurements on the erbium ion in Chapter 5 and 10 used external cavity diode
lasers (ECDL) in the Littman-Metcalf configuration. Erbium doped fiber amplifiers were also
used to increase the optical power while preserving single mode narrow laser linewidth of the
ECDL. In Chapter 7 the ytterbium transition was probe with a home built ECDL in the Littrow
configuration. For thulium experiments, a Coherent 899-21 Titanium-Sapphire tunable bow-tie
ring laser is a workhorse in the near infrared because of the tuning range, narrow spectral
linewidth, and high output power. The terbium fluorescence measurements used a lab built
pulsed nitrogen pumped Hansch-type dye laser, using 6 ns pulses and Coumarin 481 dye to

provide the 485 nm photons.



Figure 3.1. Image of a Coherent 699 Dye rin Iasr being pumped ih a 532 nm laser.

Wavelength dependent optical components such as polarizers, mirrors, isolators, acoustic
optical modulators, fibers, Fabry—Pérot interferometer, wavemeters and even lenses or windows
with coatings should be optimized for the REI transition of interest. Lenses are usually
borosilicates and can be coated with multiple layers of dielectric material to reduce reflections.
Quartz and other single crystals can also be used in specific applications. Silver mirrors have the
best reflectivity across the visible range, while aluminum is a cheaper alternative; it has a
significant loss in the near IR region where gold is superior. Dielectric coated mirrors are used
when the highest reflectivity is needed. Broadband light sources such as tungsten halogen lamp
are used for wide spectrum absorption scans, and mercury lamps, LEDs, or the appropriate lasers

are used for fluorescence excitation. The detectors in this work can be split into visible and
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infrared. Photomultiplier tubes or silicon diodes are used in the visible and indium gallium

arsenide diodes, or germanium detectors are used in the near-IR wavelengths.

Cryostats

The optical measurements of REI crystals are performed at liquid helium temperatures.
Cryostats are common to all optical experiments, and various types of cryostats are used to
achieve the needed temperature ranges, magnetic fields, RF inputs, and optical access to the
crystal. The two basic helium types of cryostats are open liquid helium bath and closed cycle
helium refrigerators. Bath cryostats hold liquid helium in a dewar and bathe the crystal in the
liquid or near liquid helium gas. Two open helium bath cryostats were used in this work
including an Oxford SpectroMag and an Oxford Optistat. The SpectroMag is equipped with a
superconducting split solenoid capable of producing up to eight tesla magnetic fields, and it can
be kept cold for several days after being filled. The Optistat can hold temperatures below 2
kelvin for 12-16 hours. A lab-built water-cooled Helmholtz coil is used with the Optistat to
produce fields up to 250 Gauss at 45 Gauss/Amp.

The most common close cycle cryostats include pulse tubes and Gifford-Mcmahon types.
Recently developed technologies were also used in experiments, including helium sorption
fridges manufactured by PhotonSpot and a sub-2 kelvin closed cycle pumped liquid helium

cryostat manufactured by Montana Instruments, as seen in Figure 3.2



Figure 3.2. Five different cryostats used in this work. Top Left: Montana Instrument’s C2 closed
cycle Gifford-McMahon system. Top Center: Oxford SpectrumMag helium bath cryostat. Top
Right: PhotonSpot’s helium sorption fridge. Bottom: Cryomech’s closed cycle pulse tube in the
silver cylinder and Roger Macfarlane aligning a beam through an Oxford Optistat.
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Materials Characterization of Resonant Frequencies through Optical Spectroscopy

When new REI doped materials are produced, absorption and fluorescence spectroscopy
are often the first optical measurements performed. Optical absorption spectroscopy is used to
measure the absorption of excited state energies along with the inhomogeneous linewidths,
center frequency, and absorption coefficients of the transitions. Fluorescence spectra are used to
find the energy levels of the ground multiplet, and time resolved fluorescence decays allow the
excited-state lifetimes to be quantified.

Once the wavelength of the transition of interest is identified, lasers are employed to
further characterize the material with higher resolution techniques. The optical coherence
properties of REIs are useful for applications, so they are often of the greatest interest to the REI
and gquantum information community. The coherence lifetimes and spectral hole burning
structure can also be used as a sensitive characterization tool to determine material quality.
Technigues such as photon echoes, spectral hole burning, and free induction decays can be used
to measure coherence lifetimes over a large dynamic range. Nuclear-spin frequencies, lifetimes,
and spin coherence can also be used to probe the properties of the REI doped materials, giving
insight into the REI quantum structure as well as the host quality. Magnetic fields are often used
to study the Zeeman interactions of the REI’s spins. Radio frequency oscillators can also be used
to drive the low energy spin transitions to study their dynamics which are of interest for

microwave to optical transducers and quantum memories.

Absorption and Fluorescence

The excited state crystal field energy levels of REIs are characterized and identified using

optical absorption measurements. The REI energy levels of interest are cataloged for many
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common REI doped crystals by Morrison and Leavitt [2]. However, the linewidths, absorption
coefficients and relative oscillator strengths of individual crystal field transitions need to be
measured, since they depend on specific crystals, crystal composition and history.

A broadband lamp and a spectrometer or optical spectrum analyzer are used to detect the
amount of light transmitted by the material. Filters should be used to select ranges of light when
using broadband sources to reduce the heat load on the crystal and minimize the involvement of
REI transitions out of the range of interest. The spectrometers used are the SPEX 14018 and the
SPEX 1000; each uses dispersive gratings to filter the light have a resolution of 0.1cm™ = 3 GHz.
When using a spectrometer, the slit widths should be optimized for resolution; the wavelength
should be calibrated with an absolute frequency reference, such as a laser, a uranium lamp, or a
mercury lamp. Multiple calibrations should be taken if measurements are made throughout the
day to ensure the highest accuracy because pressure and temperature fluctuations in the room can
also cause changes to the index of refraction of the air. The optical spectrum analyzers (OSA)
use a dispersive grating or a Michelson interferometer. The Michelson interferometer OSA uses
a He-Ne laser as a reference with a resolution of 900 MHz in the 1550 nm range and drops
slightly as the wavelength decreases toward the visible.

Accurate measurements require the absorption transition to be detectable, ideally with an
optical density no greater than aL. ~ 1, because over-absorbed transitions give nonlinear results
and materials with low absorption can be difficult to measure. The inhomogeneous width also
gives a sensitive measurement of the distribution of the rare-earth ion’s local environment and
the degree of order in the crystal [34]. The crystal can be cut thin to make accurate measurements

if a transition is over absorbed. In some cases, very thin samples are needed where high oscillator
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strengths and narrow inhomogeneous linewidths can give REIs very high absorption coefficients.
For example, a Yb:YVO; crystal with only 10 ppm of Yb needed to be cut down to 90 pm.
Materials with broader inhomogeneous lines and lower absorption coefficients require longer
samples and higher concentrations to achieve an optimal optical density, as in the case of

Tm:YGG, in Figure 3.3, which needs to be ~10 mm and a concentration of 2% to have an alL ~1
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Figure 3.3. Absorption spectra of the *Ha levels of 3%Tm:YGG.

Laser absorption spectra can show high-resolution detail when the linewidth is too
narrow to resolve with the spectrometers. Tunable lasers also can selectively excite specific
absorption lines of rare-earth ions to identify transitions with a specific site, a capability
especially useful for crystals with multiple sites or defect sites. Narrow lasers that scan rapidly,

often by current or piezo tuning, are needed for precise measurements. Low laser power should
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always be used to prevent optical broadening and spectral hole burning, altering the absorption
coefficient and linewidths [71-73].

Fluorescence spectroscopy is used to observe the photons emitted by the material after
the ions have been excited by a resonant light source to an excited energy level. The energy
levels of the ground-multiplet are measured using the spectrometer to scan across the energies of
the fluorescence peaks. For example, the energy level structure of *l1s/2 was determined by
exciting the sample with a broadband tungsten-halogen lamp and recording the fluorescence
spectra using a SPEX1000M spectrometer with 3 GHz resolution and a liquid-nitrogen cooled
germanium photodiode. The highest energy fluorescence peak will be at the same energy as the
lowest energy absorption peak when symmetry allows the lowest-to-lowest transition to be
observable. The sources used are lasers and high-powered broadband lamps such as mercury
vapor or a xenon lamp. Once the wavelengths of the transitions of interest are identified, a
resonant laser can be tuned for direct excitation. Time-resolved fluorescence is used with pulsed
excitation sources to determine excited-state fluorescence lifetimes, relaxation mechanisms and

decay pathways.

Spectral Hole Burning

Spectral hole burning (SHB) is an optical pumping process that occurs when a laser
excites an ensemble of ions of an inhomogeneous absorption line into an excited state. The ions
are optically burned out of the absorption profile, leaving a spectral hole. Spectral holes can only
be burned into materials with inhomogeneously broadened absorption lines, usually requiring
low temperatures. REI doped solids cooled to low temperatures reduce the homogeneous

broadening by phonons, produceing inhomogeneously broadened absorption lines.
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The detected spectral hole is at least twice the intrinsic homogeneous linewidth of the
transition because the laser is on the transition twice; it is burned and scanned to measure the
width. Laser jitter, power broadening, and spectral diffusion also increase the linewidth.

The population lifetime and decay pathways can be determined by measuring the decay
of the spectral hole through time-resolved hole burning. If the hole lifetime is limited by the
excited-state or an intermediate bottleneck state, it is known as a transient spectral hole.

Longer lived persistent spectral hole population reservoirs can be Zeeman levels,
hyperfine, or superhyperfine levels. Optical pumping of hyperfine and superhyperfine states in
materials can produce persistent spectral holes lasting minutes, hours, and even week. In
Tm:YAG and Er:LN, the nuclear spin state lifetimes are used to assess the quality different

fabrication methods of the materials.

Photon Echoes

Two-pulse photon echoes use a sequence of optical pulses that effectively remove the
inhomogeneous broadening to measure the coherence time, T, the homogeneous linewidth, I',
where T>=1/(nI'n). The ultimate limit for T is set by the excited-state lifetime through the
relation Ty < 2T». A truly isolated ion would exhibit a natural linewidth caused by the finite
lifetime of the transition; however, this is rarely the case because of heating, ion-ion coupling,
and other material dynamics. In rare cases, the homogeneous linewidths can be nearly lifetime
limited [13]. Since the homogeneous linewidths may be much narrower than the laser linewidth,
the photon echo technique is a convenient way to measure the homogeneous linewidth because it

overcomes the laser’s instability.



38

Two Pulse Echo
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Figure 3.4. Block diagram of a two pulse photon echo experiment where the echo area is
measured as a function of the t1> pulse delay. As the pulse delay is increased, the area of the echo
IS measured.

In a two-pulse echo measurement, Figure 3.4 two pulses, the first with a pulse area of
pi/2 and the second is nominally double the pulse area and separated in time by t are used to
probe the ions. In practice the second pulse is often slightly smaller than the twice the first pulse
area. The first pulse excites an ensemble of resonant ions into a coherent superposition between
the ground and excited state. After the pulse, the ions oscillate in phase while the dipole moment
produces coherent emission for a short amount of time after the pulse is turned off, emitting a
free induction decay. The ions will dephase from each other while they are in the superposition.
The second pulse, at a time T, flips the phases by inverting the transition moment precession,
which effectively reverses the dephasing. After the same amount of time, t, between the pulses
the dipoles rephase to produce a coherent pulse of light, the photon echo.

For example in Tm:YGG, two-pulse photon echo decays were measured using a laser
with a center wavelength at 795.334 nm. A slow continuous scan of 2 GHz per 25 seconds was
used to prevent pumping population into the bottleneck state. The optical pulse lengths were set
using a pulse generator to open and close an RF switch connected to the synthesizer amplifier,
variable attenuator, and acoustic optic modulators (AOMSs). The pulse lengths were set as short

as possible, down to 100 ns. Two AOM s are used in series to ensure >60 dB attenuation of the
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continuous laser. A collimated or slightly divergent beam was focused to about 300 pm in the
crystal using a 150 mm achromatic lens. The signal was collected from the crystal with the same
type of lens for f-matching and then focused through an AOM. The AOM is used as an optical
switch to block the pulses and open during the echo signal, dependent on the time delay between
the two pulses. Detection was made by a Newport 1801 silicon detector or Hamamatsu R928
photomultiplier tube. The homogeneous linewidths can be measured by recording the
exponential decay of echo area as the t12 pulse delay is increased. Below in Figure 3.5 is an

example of measured echo decay curves in four different crystals.
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Figure 3.5 Two Pulse Photon Echo decays of four different Tm:YGG growths all taken in an
Oxford liquid helium bath cryostat at 1.2K.

Electron Spin Coherence

An experimental set up to characterize the electron spins of Er:YSO was built to explore
the properties of the spin lifetimes, and spin coherence. The experiment included an optical and

RF system to interact with the resonant splitting of erbium in an external magnetic field.
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A static magnetic B field created by an external Helmholtz coil was applied parallel to
the Dy axis of the crystal. The sample was mounted onto a lab built SMA coaxial 50 Q
impedance-matched copper strip waveguide through which the RF power passed, producing an
RF excitation with an amplitude of several Gauss along the b axis of the crystal. An SMA male-
male connector was milled out exposing the bare wire to act as a waveguide along the dimension
of the crystal axis to enable the microwave field to interact with the erbium spins resonance
tuned by the magnetic field. The RF transmission line was terminated by a 50 Q impedance load
outside of the cryostat to prevent back-reflection.

The optical detection after the sample was made by an amplified AC-coupled photodiode
(New Focus model 1611-AC) with 1 GHz bandwidth. The acquired signal was sent to a spectrum
analyzer to measure the Raman beat amplitude. An HP model E4411B spectrum analyzer with
an integrated RF tracking generator to produce an RF signal of -10 dBm between 9 kHz and 1
GHz used for the continuous Raman heterodyne signal. The experiments were set up around an
Er:YSO crystal in a helium flow Oxford Optistat cryostat. The laser and the RF field could be
pulsed to perform excited state spin coherence measurements on Er:YSO to measure the effect of
spin flip flops on the coherence and determined the quantum efficiency of the spin transition,

which was found to be near 100%.

Powder Characterization Technigues

Material properties such as the structural composition, phase, size, and shape, are
essential aspects to characterize when studying the fabrication effects on powders. The main
non-resonant characterization techniques used are x-ray diffraction and scanning electron

microscopy.
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RD

The compositional phase of each powder was determined using the x-ray diffraction
(XRD) instrument at MSU’s Imaging and Chemical Analysis Lab (ICAL). The XRD is a Scintag
Inc X-1, Advanced Diffraction System. The x-ray source is run at 1.8 kW, 45kV and 40 mA,
using the copper K-a line corresponding to 8.04 keV, which has an x-ray wavelength of 1.5406
A. The slits on the source used are a divergence slit of 2 mm and a scattering slit of 4 mm. The
detector slits used were 0.5 mm scattering and 0.2 mm receiving. Step sizes were set to 0.02

degrees and dwell times of 0.5 seconds at each step. Figure 3.6 shows a typical XRD spectrum

with reference peaks.

-Tm:YAG Powder
-YAG Reference

Intensity (a.u.)

@ (degrees)
Figure 3.6. XRD spectra of Tm:YAG powder taken in ICAL. The red lines are positions of the
prominent peaks of a YAG reference material.

Scanning Electron Microscope

Powders were imaged using the Zeiss SUPRA 55VP field emission scanning electron
microscope at ICAL to determine their size, morphology, and distribution. In Figure 3.7, the left
image illustrates the consistency of the powders, with the inset showing a typical amount of

material produced from a single production run. The center image shows the well-defined
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dodecahedral shapes of individual particles compared to the shape of the powders after using

high-temperature treatment with metal-halide flux.

s ) B > 4

Figure 3.7. Electron microscopy images of Tm:YAG powders. Left: Images showing a larger
field of view of the powders, the inset showing a typical amount of material produced from a
single production run. Center: A closer view of the well-defined dodecahedral YAG crystal
powders. Right: powders partially melted after being heat treated in metal-halide flux.

Single Crystal Orientation

Before optical measurements are made the orientation of the crystal should be known.
Single crystals oriented with respect to the electric field polarization of the light; the external
magnetic field enables fundamental physical tensors to be determined and the optical properties

of the materials to be optimized in applications.

Birefringence

In the case where the crystal is anisotropic, the crystal will be optically birefringent. The
birefringence can be used to orient the crystal by simply using crossed polarizers. More details
on this are given in Chapter 4, specifically for the case of YSO, with an extension to other crystal
symmetries as well. Since LiNbO3 is a uniaxial birefringent crystal, the c-axis can be found by

looking at the crystal between crossed polarizers as shown in Figure 3.8.
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Figure 3.8. Birefringence photographs of LiNbOs. Left: Looking along the optical axis, the c-
axis of LINbOs. Right: Looking along a vertical extinction axis, the optical axis can be seen at
the top of the image, showing how a crystal that is not cut along the optical axis looks between
crossed polarizers.

Laue x-ray

Laue x-ray photographs are used to orient single crystals of any symmetry. The Laue
system used in this work is housed at Scientific Material’s/FLIR. It is a back scatter Photonic
Science Laue camera, with a central hole to allow the x-rays to pass through and diffract off the
face of the crystal back onto the CCD camera. The crystal is adjusted on a goniometer to find the
symmetrical orientation. The program Orient Express is used to align a simulated image with the
real image taken. Figure 3.9 shows a backscatter image of a YSO crystal overlayed with a
simulated image on the left. On the right, the image is overlayed with the crystal axes and the

dielectric axes.
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Figure 3.9. The backscatter reflection points of YSO observed with Laue X- rays Left: The
image is overlaid with the simulated points using Orient Express software to determine the
orientation of the crystal. Right: The backscatter photo showing the orientation of the crystal
axes with respect to the reciprocal lattice points and the dielectric axes.

Acid Etching

Chemical etching is used to find dislocation density and inclusion defects such as iridium
particles arising from CZ growth or processing. In combination with optical birefringence
patterns the Burgers vectors of the dislocations can be revealed. Phosphoric acid is the most
common chemical etching solution for the rare-earth garnet crystal system [74]. The temperature
range of 250-450°C is the preferred approach for etching the surface and “chemically polishing”
the crystal to remove the higher density of shallow surface defects that are normally caused by
crystal cutting and mechanical polishing. The optimal temperature for the common crystals YAG
and GGG is ~435C and ~300C, respectively, suggesting a temperature near 300C should be
employed for YGG, with a longer pre-etch at a lower temperature of 160C to clean the surface
and enhance the uniformity of the later strong etch. Etching the {110} surface plane of the
crystal shows the characteristic facets of the cubic symmetry, which can also be used as

orientation markers seen in the right image in Figure 3.10.



Figure 3.10. Mlcroscope image of etched surface of a {110} plane perpendlcular to the <211>
axis of a Tm:YGG sample. The etch was done with phosphoric acid for 1 hour at 200 C.

We have applied the acid etching approach to characterize the type and density of defects
of as-grown and post-anneal crystals to quantify the effects of annealing on the large-scale lattice

defects. Etch pits can also be used to help verify the orientation of single crystals.

Chemical Composition

Mass spectrometry is used to measure impurities across the periodic table that may be
difficult to detect using other techniques. Several different mass spectroscopy techniques were
used to measure impurities in the crystals; these include inductively coupled plasma mass
spectroscopy (ICP-MS), glow discharge, and laser ablation-ICP-MS.

The time-of-flight secondary ion mass spectroscopy in ICAL was used to measure the
chemical compositions as a function of depth for lithium niobate wafers with rare-earth ions
diffused into the surface. Using a pulsed positive gallium ion gun to sputter material from the

surface, the secondary ions are accelerated by ion optics through a series of magnetic fields and
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the masses of the ions are separated by the time of flight. Depth profiles are achieved by using
the ion gun to sputter an area of known spatial resolution >10 pum?, then collecting the emitted
secondary ions. The depths sputtered are measured with an atomic force microscope and
sputtering rates can be determined for different crystals and orientations.

Two different methods were used to compare the concentrations of impurities in YSO.
Two crystals were sent to EAG Labs to be analyzed by glow discharge and they were also
analyzed by laser ablation coupled with an ICP-MS.

The concentrations of impurities in the Tm:YGG crystals show a significant amount of
aluminum and silicon in all of the crystals . The original 1% Tm:YGG #04-223, which has the
longest coherence, shows a larger amount of transition metals. Other impurities such as calcium
and zinc are seen in the newer growths. There can be discrepancies in the absolute amount parts
per million of impurities in each crystal due to contamination of the system from previous
samples measured. However, the relative amounts in each crystal can be used as an indicator of
the influence of the different ions on the optical coherence properties. It should also be noted that
Y>SiOs was analyzed in the system before the YGG and argon (AMU=40) is used as a carrier
gas. In Figure 3.11, the full scan of impurities is given to show a wide spectrum of elements.
Two scans were performed on the 1% Tm:YGG #04-223; the first was taken with a smaller
number of elements to test the results. The concentrations that are significantly higher than

expected are highlighted.
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Figure 3.11. Concentration of impurities in three different Tm:YGG crystal growths using the
Iridia Teledyne Photon Machines Laser Ablation Inductively Coupled Plasma Mass
Spectroscopy

The Al and Si are much higher than expected, but this could be from background
contamination. A few elements may have an interference peak due to ion combinations. For
example, the Pd concentration is likely a yttrium ion and an oxygen ion recombining before
striking the detector. The masses of yttrium and gallium are near the Gd and Th, measured to be
in excess in all the scan except the 2% Tm:Y GG #03-0986, which needs to be researched further.
Other concerning impurities are the Pb, which is slightly higher than expected, and Zr, which is
used as an insulating material in the furnaces used in the growth of the material. The Cd is most
likely an artifact of other charge/mass ratios. The Fe, V, and Ce are all higher in the original
crystal #04-223, which has the longest coherence suggesting the ions either help lower
decoherence or have a minimal effect. The impurities of most concern in the newer crystal, #09-

0330 and #03-0986, are the Ca, Zn, and to a lesser extent, the Lu.
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1% Tm:YGG 1% Tm:YGG 3% TmYGG 2% TmYGG
#4-223 #04-223  #09-0330  #03-0986

Tm:Y3Ga5012

05-Nov-20 12-Nov-20
Element Atomic Mass Concetration [ppm]
Al 26.98 737.60 455.30 123.00
Si 28.09 2354.00 608.30 704.40
P 30.97 11.48 9.09 27.65
Ca 40.08 1.11 41.95 24.17
Sc 44.96 0.37 <LOD** <LOD**
Ti 47.87 0.27 0.04 0.02
V 50.94 14.37 0.02 <LOD**
Cr 52.00 1.48 1.49 0.76 0.80
Mn 54.94 0.01 0.20 0.09
Fe 55.85 28.69 29.06 2.51 1.27
Co 58.93 0.02 0.01 0.02
Ni 58.69 3.95 1.58 0.45
Cu 63.55 3.44 3.42 1.38 0.19
Zn 65.38 0.18 25.03 11.75
Y 88.91 Matrix Matrix Matrix
Zr 91.22 6.38 8.22 5.38
Nb 92.91 0.43 0.02 0.00
Mo 95.96 <LOD** 0.05 0.00
Rh 102.91 0.06 0.04 0.04
Y+O Pd 106.42 1043.00 994.10 1024.00
Ag 107.87 0.82 0.81 0.81
Cd 112.41 8.45 8.04 8.27
La 138.91 0.01 0.01 0.01 0.01
Ce 140.12 1.73 1.69 0.00 0.00
Pr 140.91 0.01 0.01 0.01 <LOD**
Nd 144.24 0.11 0.11 0.04 0.01
Sm 150.36 0.10 0.10 0.35 0.01
Eu 151.96 0.09 0.08 0.10 0.11
Y+Ga Gd 157.25 12.36 12.29 0.25 0.01
Y+Ga Tb 158.93 0.01 0.01 18.14 0.29
Dy 162.50 0.07 0.07 0.07 0.03
Ho 164.93 0.50 0.50 0.23 0.19
Er 167.26 0.12 0.12 0.43 0.36
™ 168.93 17970.00 17910.00  52480.00 = 35020.00
Yb 173.05 0.76 0.75 0.74 0.36
Lu 174.97 0.08 0.09 0.31 1.69
Hf 178.49 0.03 0.09 0.00
Ta 180.95 0.00 0.01 0.00
W 183.84 0.00 0.01 0.01
Tm+0 Re 186.21 2.08 6.41 4.25
Ir 192.22 <LOD** <LOD** <LOD** <LOD**
Pt 195.08 0.72 0.00 <LOD**
Au 196.97 <LOD** 0.00 0.00
Pb 207.20 0.66 0.64 1.23 0.43
Th 232.04 0.01 0.00 0.00 0.00
U 238.03 0.00 0.00 0.01 <LOD**

Table 3.1. Full Impurity scan of Tm:YGG crystals using LA-ICP-MS using the Teledyne Photon
Machines Iridia system.
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Summary

The characterization of REI doped materials is explored using high resolution
spectroscopy at liquid helium temperatures. The coherent interactions of the materials are used to
determine the quality of the fabrication method and the usefulness of the material in applications
over a broad range of frequencies. These spectroscopic tools provide insight over a wide
dynamic range of material quality and exceptionally sensitive to material quality and purity. The
materials were also characterized using more traditional techniques complimenting the

spectroscopy.
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Abstract

Birefringence is used to completely orient the crystal axes of YSO, yttrium orthosilicate,
based on the rotation of the optical axes. The procedure is quick and accurate within the
detection limits of the wavelength of light. The three dielectric axes of YSO can be found and
identified visually, allowing the user to know the crystal axes including the direction of the non-
symmetric b-axis. The application of optical orientation to other crystal symmetries are

reviewed.

Introduction

Anisotropic crystals are used in wide range of research and nonlinear applications such as
guantum photonics, optical clocks, nanophotonic light-matter interfaces, and signal processing
[5-7,11-13,17-22, 75]. These materials will have significantly different interactions to applied
fields depending on the orientation. Often materials are cut and oriented by the grower, but
ideally the user can check the orientation of the crystal before it is used in an experiment or an
application. Crossed polarizers can be used to see the orientation of most crystals due to the
optical birefringence properties. Hexagonal, trigonal, and tetragonal are uniaxial birefringent,
orthorhombic, monoclinic and triclinic are biaxial birefringent. Only the cubic symmetry has
three equal isotropic dielectric axes, displaying no crystal symmetry birefringence.

In this letter we will focus on the monoclinic yttrium orthosilicate, YSO, a biaxial
birefringent crystal because of the increased interest in its use as a quantum applications material
and it can be precisely and quickly oriented using crossed polarizers. The crystal structure and

dielectric axes are well known and many techniques that have been used to characterize YSO’s
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crystal axes and vibration axes [76-78], however a simple relationship between the optical
extinction axes and the crystal axes have not been unambiguous defined. The dielectric axes are
visually distinguished allowing the b, D1 and D axes as defined by Li et al. to be completely
oriented to the YSO crystal axes using a simple optical apparatus. The direction of the b-axis of
YSO [79,80], the axis normal to the mirror plane, is also defined with respect to the optical

birefringence.

Y SO’s Dielectric and Crystal Axes

YSO has a monoclinic crystal structure with 2/m symmetry providing biaxial
birefringence in the visible spectrum. The 2/m axis consists of a 2-fold symmetric axis with an
orthogonal mirror plane [81,82] . Conventionally the 2-fold symmetry axis is the <010> axis
which is also a dielectric axis labeled as the b-axis. The a and ¢ crystal axes lie at an obtuse 102
degree angle to each other and orthogonal to the b-axis [47,48,83-85].

The three principal dielectric axes are always orthogonal to each other and make-up the
index ellipsoid or optical indicatrix. Designated here as b, D1, and D2 corresponding to X, Y, and
Z axes labeled by Beach et al. The D> axis has the highest index of refraction, the b axis has the
lowest index and the D1 axis is the intermediate principal index.

YSO a positive biaxial crystal because the intermediate index, D1, is closer in magnitude
to the largest index axis, the D> axis. Therefore, the optical axes are closest to the D> axis in the
optical plane. The 2V angle, the acute angle between the optical axes, is ~40 degrees and the D>
axis bisects this acute angle, making it the acute bisectrix. The b axis is the obtuse bisectrix, and
the D is the optical normal. The geometrical arrangement of these features is shown in

Figure 4.1.
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Figure 4.1. The optical plane and axes of YSO, showing a positive biaxial crystal with a 2V
angle of ~40 degrees.

Laue X-Rays backscatter images were also taken to confirm the relationship between the
crystal axes and the D1 and D2 axes. The a crystal axes of YSO is ~23 degrees from Dy,
dielectric axis and the crystallographic c-axis is ~11 degrees to the D> dielectric axis at a
wavelength of 650 nm [86]. The direction of the b-axis is ambiguous in other references so here
we use a right-handed coordinate system and define the positive direction of the b axis is out of

the page in Figure 4.2.
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Figure 4.2. The crystal axes (solid colored lines), and the dielectric axes (black lines, horizontal
and vertical) overlaid with the Laue x-ray points of YSO. The reciprocal lattice vectors (dotted
colored lines) observed using Laue x-rays reflection photographs show D1 is about 23 degrees
from the crystallographic a-axis, and D> is about 11 degrees from the c-axis at a wavelength of
650 nm. The positive direction of the b axis is defined to be pointing out of the page.

Location and Identification of the Extinction Axes

Crossed polarizers or a polariscope can be used to find the principal axes of the optical
indicatrix via extinction [86-88]. The polariscope consists of a pair of crossed polarizers and a
diffuse light source, seen in Figure 4.3. When the crystal’s dielectric axes are aligned with one of
the polarizer’s axes, the transmitted light will be nulled indicating an extinction axis. Each of the
three extinction axes can be easily seen using a polariscope and a crystal that has been polished
sufficiently to not scatter the polarized light. An index matching fluid such as acetone can also be

used on unpolished crystal surfaces.
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Figure 4.3. (Left) Commercial gemological polariscope. Example of YSO’s extinction axes
observed using a polariscope, Fig (Center) viewing the crystal along the D1 or D axis. (Right)
viewing the crystal along the b-axis shows the change in transmission because of the rotation of
the dielectric axes.

The optical indicatrix rotates about 2 degrees in the visible wavelength range [90,91]
about the b-axis as the wavelength is varied. The rotation is enough to see the change in the
transmitted color of light. This can be used as a convenient way to distinguish the b-axis from the
D: and D> axes of crystal. When the polariscope and crystal transmits blue light, the extinction
axes corresponding to red wavelengths are aligned with the polarizers, as seen in Figure 4.3. The
rotation of the dielectric frame is not seen when looking along D1 or D, axis in the polariscope,
because the b-axis does not change with wavelength since it is fixed to a crystallographic axis. It

should be noted that if the D1 or D -axis is not exactly normal to the polarizers, components of

the index ellipsoid can cause slight color changes.

Direction of the b-axis

The positive and negative direction of the b-axis must be found for the complete

orientation of YSO. There is not a standard defined for the direction of the 2/m symmetry, thus
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the convention of Beach et al and a right-hand coordinate system of the crystal axes is used to
define the direction of the b axis. Thus, in Figure 4.2 the b axis is out of the page. To find the
direction of the b axis optically the rotation of the index ellipsoid about b axis with wavelength
can be used. If the transmitted colors of a YSO crystal in a polariscope appear from red to blue
when the crystal is turned in a clockwise rotation the positive b axis points towards the viewer.
Conversely, when the color of the light transmitted through the extinction axes and crystal
changes from blue to red in a clockwise rotation, the positive b axis is pointing away from the

observer, as depicted in Figure 4.4,

a

Positive b-axis

Positive b-axis is is into the page

out of the page
Figure 4.4. Diagrams showing the extremes of the transmitted color seen visually with the

rotation of the crystal between crossed polarizers. The dielectric axes change as a function of
wavelength relative to the crystal axes indicating the direction of the b axis.

Using a Conoscope to Locate and Identify the Axes

A conoscope is a high numerical aperture lens used with the polariscope, which can be
used to locate and identify the dielectric axes. The conoscope converges the white light in the

polariscope allowing the observer to see a range of optical paths through the crystal in one view.
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Figure 4.5 A photograph of YSO’s birefringent pattern looking along the D»-axis using crossed
polarizers and a conoscope. The horizontal b-axis and vertical Di-axis are aligned with the
crossed polarizer axes. The blue and red fringes, parallel to and straddling the b-axis, show the
rotation of the optical axis and plane. Note the sample shown has the crystal facets cut
approximately 5 degrees off from the b and D1 axes.

The extinction axes viewed with convergent light are known as isogyres. The isogyres are
easiest to see when viewed along the D axis, the acute bisectrix due to the proximity to the
optical axes. When the crystal is rotated and viewed along the D> axis, curved extinction axes are
seen until the b and D, axes are aligned with the crossed polarizer axes. The crossed isogyres
indicate the alignment of all three dielectric axes relative to the sample faces, as in Figure 4.5.
The red and blue light along the b-axis is known as horizontal dispersion and can be used to
determine the direction of the b-axis. From this perspective, when blue is observed above the
extinction axis and red light is lower on the axis, the positive b-axis points to the left. With a
conoscope or polarizing microscope, all three extinction axes can be aligned and defined when
the YSO sample is viewed along D> axis between crossed polarizers. Deviations in alignment of

the crystal facets to the dielectric axes can also be determined easily using a conoscope. The
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direction of the b-axis is also unambiguously determined using the horizontal dispersion as a

guide.

Biaxial Crystals: Monoclinic, Triclinic, and Orthorhombic Systems

The techniques shown in the case of YSO can immediately be applied to other
monoclinic crystals, though some points need to be considered. If the symmetry axis is the acute
bisectrix or the optical normal, the dispersion will respectively be crossed or inclined around the
axis. The crystal’s symmetry axes are easier to visually see if the rotation of the dielectric frame
is strong. If the angle of rotation is small a polarizing microscope can be helpful, or a Malus
measurement can be setup.

The principles of aligning monoclinic crystals can also be applied to other optically
biaxial crystals. Each extinction axis is found by nulling the transmitted light in a polariscope or
crossing isogyres. If the crystal is positive or negative biaxial, then the extinction axes may then
be assigned to the crystal axes based on the relative magnitudes of their respective refractive
indices by way of the acute and obtuse bisectrices.

In the triclinic crystal systems, each crystal axis will have a direction, as no crystal axis is
orthogonal to the others. As a result, the optical indicatrix may freely scale in size, yaw, pitch,
and roll as the frequency of light is varied. If the rotation of the dielectric frame of each axis can
be observed a sense can be assigned to each axis by relating the rotation of color to the crystal’s
corresponding Laue pattern. Using the one direction of dielectric axis all the dielectric axes can
be related to the crystal axes. The color pattern may be difficult to view or interpret in some

cases as the rotation of the optical plane is unconstrained.
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Orthorhombic systems have orthogonal crystal axes. Therefore, each dielectric axis is
always collinear with a crystal axes, simplifying the relationships between the crystal structure
and the optical indicatrix. In orthorhombic materials the optical indicatrix is fixed in place and

does not pivot about any axis.

Uniaxial Crystals: Tetragonal, Trigonal, and Hexagonal Systems

The points covered in the case of biaxial materials also have relevance to the higher
symmetry tetragonal, trigonal, and hexagonal crystal systems, which are optically uniaxial.
Because there is only one unique refractive index the optical indicatrix will have rotational
symmetry about the c-axis of uniaxial crystals. Extinction axes are visible when the c-axis is in
the plane of the polarization axes of the polariscope. However, when the c-axis is perpendicular
the polarizers, the material behaves isotropically. Only the alignment of the c-axis may be fully
specified in a uniaxial crystal using a polariscope. The optically symmetric c-axis can have
directionality, as in the case of LiNbO3 [92], which can be distinguished using other thermal or

electrical techniques [93] .

Isotropic Crystals: Cubic Systems

Cubic crystals have orthogonal and equal dielectric axes, therefore optically isotropic and
do not possess extinction axes. However, some cubic systems and certain other point groups can
show optical activity along specific crystal directions, which may be useful in determining

directions in cubic crystals. For more information, the reader is referred elsewhere [93-97].
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Conclusion
A simple optical technique using crossed polarizers is described to visually determine the optical
orientation of birefringent crystals using the material’s wavelength-dependent dielectric frame to
quickly and accurately located the materials axes. YSO’s crystal axes are related to optical
dielectric indicatrix using Laue backscatter images to define the direction of the b-axis with
respect to the D1 and D> axes. With the relative orientation known between the optical indicatrix

and the crystal axes, birefringent crystals can be completely oriented using crossed polarizers.
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Efficient and reversible optical to microwave transducers are required for entanglement transfer between
superconducting qubits and light in quantum networks. Rare-earth-doped crystals with narrow optical and
spin transitions are a promising system for enabling these devices. Current resonant transduction
approaches use ground-state electron spin transitions that have coherence lifetimes often limited by spin
flip-flop processes and spectral diffusion, even at very low temperatures. We investigate spin coherence in
an optically excited state of an Er**: Y,SiOs crystal at temperatures from 1.6 to 3.5 K for a low 8.7 mT
magnetic field compatible with superconducting resonators. Spin coherence and population lifetimes of up
to 1.6 us and 1.2 ms, respectively, are measured by optically detected spin echo experiments. Analysis of
decoherence processes suggest that ms coherence can be reached at lower temperatures for the excited-state
spins, whereas ground-state spin coherence would be limited to a few us due to resonant interactions with
other Er** spins in the lattice and greater instantaneous spectral diffusion from the radio-frequency control
pulses. We propose a quantum transducer scheme with potential for close to unity efficiency that exploits

the advantages offered by spin states of the optically excited electronic energy levels.

DOI: 10.1103/PhysRevLett.122.247401

Rare-earth (RE)-doped crystals can exhibit long optical
and spin coherence lifetimes at liquid helium temperatures
that are promising for quantum technologies [1-3]. Long-
lived quantum memories for light [4], entanglement storage
[5], light-to-matter teleportation [6], and atomic-gas to
crystal quantum state transfer [7] have all been demon-
strated. These systems offer multimode storage [8,9] and
high efficiency [10,11] with coherence lifetimes as long as
hours [3], as well as the capability for signal processing of
photonic quantum states [12]. Developments toward inte-
grated and hybrid systems have also been reported using
nanostructured materials [13,14], making RE-doped crys-
tals a promising platform for solid-state quantum light-
matter interfaces. RE ions with an odd number of electrons
are particularly interesting since their strong magnetism
allows efficient coupling to microwave photons. This could
enable quantum-state transfer between superconducting
qubits and light to build networks of quantum processors
[15,16]. Strong coupling between superconducting reso-
nators and RE ions has been demonstrated, and microwave
to optical conversion has been investigated [17-20].

Using both optical and spin transitions requires strong
coupling between light and microwaves. Ensembles of RE
ions in crystals are generally employed to enhance the
interaction with photons. While providing a number
of advantages, ensembles also cause difficulties when

considering optical to spin coherence transfer and undesired
effects fromion-ion interactions. The weak optical oscillator
strengths also limit addressable bandwidths for z pulses to
less than 100 MHz; however, optical inhomogeneous line-
widths are usually ~1 GHzor larger [1], so that a majority of
ions do not participate in the coherent excitation and are only
“spectators.”

If a resonant transduction protocol, such as Ref. [16],
requires coherence to be stored in a superposition of the
ground-state electron spin states, two undesirable effects
can occur that have not been previously considered. First,
the excitation can be incoherently transferred by fast spin
flip flops, or spin diffusion, to other spins in the lattice,
including spectator spins, resulting in decoherence and loss
of the stored quantum state [21,22]. Second, to mitigate
effects of inhomogeneous broadening on the achievable
coherence time, a dynamical decoupling sequence should
be applied; however, this requires drive pulses with
bandwidths comparable to the spin inhomogeneous line-
widths, which will also excite spectator spins since there is
no correlation between optical and spin frequencies within
their respective inhomogeneous linewidths. Since high-
bandwidth control pulses will drive a large number of
spectator spins, they can cause decoherence by instanta-
neous spectral diffusion (ISD) from long-range spin-spin
interactions [19,23,24]. This is particularly important for
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paramagnetic RE ions since they exhibit significant
spin-spin interactions even for concentrations as low as
10 ppm [25]. Consequently, this source of decoherence
often cannot be eliminated by reducing ion concentration
without also reducing optical absorption and limiting
device efficiency.

We propose to circumvent these limitations of resonant
transduction approaches by using spin transitions for
optically excited electronic states. Because excited ions’
spins are not resonant with the larger number of spectator
spins, decoherence due to flip-flop processes are signifi-
cantly reduced. Furthermore, only optically excited spins
are resonant with the microwave fields, avoiding excitation
of spectator spins by control pulses and reducing ISD to the
lowest possible extent. While this scheme is limited by the
excited-state population lifetime 7'y oy, this can be longer
than ms for RE ions, meeting the requirements for micro-
wave-optical transduction protocols. A particularly favor-
able ion is erbium with typical excited-state lifetimes of
~10 ms for the 4113/2 level [26]. This 1.5 ym telecom
wavelength transition has attracted strong interest for
building fiber-based quantum networks and transducers
[18,20,27]. Here, we investigate electron spin coherence in
the excited state of an Er’*t -doped Y,SiOs crystal and
observe excited-state electron spin echoes for RE ions. We
also present an excited-state transduction protocol that can
approach unity efficiency.

The work here focuses on the effects of spin flip flops on
spin coherence, spin-state lifetimes, and efficiency of
resonant transduction approaches such as proposed by
O’Brien et al. [16]. While off-resonance transduction
schemes, as proposed by Williamson et al. [15], are not
directly affected by optical or spin coherence lifetimes, they
can still be affected by spin flip flops if spectral diffusion
becomes comparable to the spin inhomogeneous broad-
ening or if spin-state lifetimes become comparable to the
microwave or optical cavity lifetimes. The existing theory
for the off-resonant approach assumes that spin states and
transition frequencies are fixed for all ions in the ensemble
during the timescale of the transduction process to obtain
analytical solutions for the transduction efficiency [15].
Hence, the effect of spin flip flops cannot be analyzed within
the existing theory beyond a general observation that
fluctuating spin states and frequencies will act to reduce
transduction efficiency. It is not possible to say whether the
effects are significant for practical conditions without
expanding the theory to include spin dynamics.

Coherent Raman heterodyne scattering (RHS) [28]
experiments were performed for the three-level schemes
shown in Fig. 1. This method employs a radio-frequency
(tf) field resonant with Zeeman transition |1) <> |2) or
|3) <> |4) to create a ground- or excited-state electron spin
coherence [Fig. 1(a)]. A resonant laser beam drives the
optical transition |1) <> |3) or |1) <> |4). The combined
optical and rf coherences then induce coherence on the
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FIG. 1. (a) Energy levels of Er** and RHS schemes for ground-
and excited-state spin coherence studies (|1) < [2) and |3) <
4) are electron spin transitions). (b) The RHS measurements at
3 K on Er** at site 1 of Y,SiOs. Lines: fitted Zeeman transition
frequencies for zero-nuclear-spin Er’* isotopes. Black circle and
dashed lines: spin echo experimental condition.

other optical transition |2) <> |3) or |1) < |3) that then
interferes with the laser field, producing a beat note at the
[1) <> |2) or |3) <> |[4) frequencies that is detected using a
photodiode.

A 50 ppm Er** -doped Y,SiOs sample grown by
Scientific Materials Corp. was cut along the three dielectric
axes: b, Dy, D, [29] and mounted in an Oxford Optistat
helium cryostat with a magnetic field applied along D,
using a Helmholtz coil. Er** can substitute for Y3* at two
inequivalent crystallographic sites (denoted 1 and 2). An
external-cavity diode laser was set at 1536.49 nm (vacuum)
in resonance with the transition between the lowest levels of
the *I;5,, and *I;5,, multiplets for ions at site 1 [26]. The
laser was amplified and then focused into the crystal with
propagation along the b axis and polarization along the D,
axis. The laser produced nearly equal populations in the
ground and excited states over ~1 MHz bandwidth. Optical
pumping also induced population differences within the
ground- and excited-state Zeeman sublevels necessary to
detect spin coherence with RHS. Transmitted light was
detected by a 1 GHz ac-coupled photoreceiver. The rf
pulses with magnetic field amplitudes of several Gauss
were applied along b through an rf strip waveguide next to
the crystal surface.

Figure 1(b) shows RHS spectra for frequencies up to
1 GHz as a function of magnetic field strength. In these
experiments, an rf spectrum analyzer generated the rf
excitation and analyzed the photoreceiver signal (see the
Supplemental Material [30]). The four lines observed in
Fig. 1(b) correspond to electron-spin transitions for the
ground and excited states of Er’‘t isotopes with zero
nuclear spin, deduced from the magnetic field direction
and known g tensors [37,38]. Two transitions are observed
for each state since the magnetic field was not exactly
parallel to D, resulting in two inequivalent subgroups
for each site. The corresponding effective ground-state
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FIG. 2. (a) Optically detected electron spin echoes in the s /2
excited state for different pulse delays with 7 =1.9 K and
B = 8.7 mT. (b) Measurement (circles) and fit (line) of echo
decay at 1.9 K, giving 7, =1.6 £02 us and x =14+ 0.2.
Inset: 1f pulse sequence.

values g, are 4.75 and 3.85 (£0.3), and the excited-state
values g, are 4.35 and 3.27 (£0.3), depicted in Fig. 1(b).
All spin transitions exhibited linewidths of ~10 MHz,
similar to those previously reported [20,37]. The linewidths
did not vary significantly with magnetic field strength,
indicating that the spin-transition broadening does not arise
from inhomogeneity in the g tensors or the field. Weaker
transitions with complex field dependence are also visible
in Fig. 1(b) and are attributed to hyperfine transitions of the
167Er3+ isotope (I = 7/2, abundance 22.9%).

Excited-state spin echoes were measured using rf pulses
generated by a gated source. The photoreceiver signal was
amplified, filtered, and down mixed with a local oscillator
(see the Supplemental Material [30]). A dc magnetic field
of 8.7 mT was applied along the same orientation as in the
cw experiments, and a frequency of 400 MHz was used to
study the excited-state transition [Figs. 1(a) and 1(b)] for
temperatures from 1.6 to 3.5 K.

The two-pulse echo signal is shown in Fig. 2(a) for two
different delays between excitation pulses. Pulse lengths of
150 ns maximized the echo signal. Detected echoes had a 7
phase shift relative to the excitation pulses, confirming that
the entire sequence was phase coherent. The cw laser
excitation created a large excited-state population that
produced strong echo signals. The integrated echo signal
decay was measured as a function of the delay between the
pulses [Fig. 2(b)] and fitted with a Mims function [39]
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FIG.3. (a)Excited-state stimulated spin echo decay measured at

2.5 K (circles) and fit to the spectral diffusion model (line, see
text). Inset: rf pulse sequence. (b) Experimental coherence
(squares) and population lifetimes (circles) as a function of
temperature. Dotted line: population lifetime deduced from the
sum of optical emission and excitation rates; solid lines: calcu-
lated and fitted curves (see text).

A(t12) = Aexp [ (2112/T2. )], (1)
where T,, is the 1/e coherence lifetime and #;, is the delay
between pulses. The extracted 75, at 1.9 Kwas 1.6 + 0.2 pus
(200 kHz homogeneous linewidth), with x = 1.4 +0.2.
The nonexponential behavior arises from spectral diffusion
[39] attributed to interactions with Er*t spins in the lattice.
The effect of Y nuclear spins is expected to be much
weaker because of their small magnetic moment and slow
flip rates [21].

To probe the decoherence mechanisms, we measured
three-pulse stimulated spin echoes using the pulse sequence
shown in Fig. 3(a). Stimulated echo measurements allow
spin relaxation and spectral diffusion dynamics to be
studied over the timescale of T, whereas two-pulse echoes
are limited to the much shorter 7', timescale [21,39]. We
measured three-pulse echo decays as a function of 7,3, with
1, fixed at 0.3 us, as shown in Fig. 3(a). The initial fast
decay is from spectral diffusion while the slower decay
results from population relaxation.

Both two- and three-pulse echoes can be modeled by a
time-dependent effective homogeneous linewidth I' . [21]
and echo amplitude
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A(IIZ# 523) - AOe(_tZZ/TIe)e[—ztIZ”Feff(t12v123)]’ (2)
where 7', corresponds to the population relaxation time.
Contributions to Ty arise from ground-state Er** spins at
both sites in the lattice. Because of the narrow optical
excitation bandwidth, the excited-state ion concentration is
~10? times lower than the ground-state concentration and
can be neglected. For our conditions, site 2 spins rapidly
relax by mutual spin flip-flop processes (spin diffusion) due
to their large ground state effective g factor of 14. A simple
theoretical estimate (see the Supplemental Material [30])
shows that this causes decoherence over sub-us timescales,
resulting in a width I'y that is independent of 75, and #,.
Er** spins in site 1 have a g factor of 4, and their flip-flop
rate Ry is roughly (14/4)* = 150 times smaller than that of
site 2 spins. This slower relaxation produces a spectral
diffusion of I'.g given by Ref. [21]

1
Dot (t12,123) = T'p + EFSD(RtIZ +1—eRe), (3)

where R is the site 1 spin relaxation rate and I'yp is the
distribution of interaction strengths between resonant spins
and other site 1 spins in the environment.

The two- and three-pulse echo decays were recorded
between 1.6 and 3.5 K and fitted to Eqs. (2) and (3) using a
rate R including a two-phonon Orbach term combined with
the flip-flop rate Ry for site 1. An example fitted curve is
shown in Fig. 3(a) for T = 2.5 K. The fits gave values of
Ty=2.7x10°Hz, T'sp, = 4.3 x 10° Hz, Ry = 2.1 x 10* 71,
which compare well with theoretical calculations (see the
Supplemental Material [30]). Reasonable agreement was
also found between two-pulse echo T, values fitted to
experimental data using Eq. (1) and those calculated from
the fit parameters [see Fig. 3(b)]. T, values were deter-
mined from the fits and were explained by the sum of
optical excitation and emission rates combined with an
Orbach process (see Fig. 3(b) and the Supplemental
Material [30]). At the lowest temperatures, 7', reached
1.2 ms, limited by optical stimulated emission due to
continuous excitation by the laser. In a pulsed configuration
without laser excitation during the echo sequence, Ty,
would increase to Ty o, = 8 ms [40].

For our conditions, 75, is limited by decoherence from
relaxation of ground-state spins. This decoherence would
be reduced at lower temperatures since the Orbach con-
tribution rapidly decreases as exp(—A,/T), while flip-flop
rates decrease as [sech(g,upB/2kT)|?, where k is the
Boltzmann factor. For example, consider a weak field of
50 mT that is compatible with superconducting resonators
and where the excited-state splitting is ~2 GHz, in the
range of typical microwave photons. At a temperature of
20 mK, decoherence only results from site 1 ground-state
spin flip-flops because site 2 spins, with their large g factor,
are completely polarized. The site 1 flip-flop rate Ry would

be reduced by a factor of ~350 compared to 2 K. Together,
these effects would increase the excited-state spin coher-
ence lifetime to 7,,~2.9 ms (see the Supplemental
Material [30]). This is likely to approach the decoherence
limit due to 5°Y spin flips [21]. In contrast, even at very low
temperatures, site 1 ground-state excitations will experi-
ence rapid decoherence through the flip-flop process due to
the large number of other resonant spins present in the
lattice. In fact, spins excited into the higher energy spin
state will have an increasing number of neighbors in the
lower energy spin state to flip-flop with as the temperature
is decreased, accelerating decoherence to as much as twice
the high-temperature rate. For our system, this effect limits
Ty, to less than 48 us even at the lowest temperatures (see
the Supplemental Material [30]). Moreover, a rephasing
control pulse applied over the entire spin linewidth would
cause strong ISD, further reducing 75, to ~1 ps, indepen-
dent of temperature. This effect can explain why we did not
observe any ground-state spin echo for the conditions used
in the excited-state measurements, as well as why long
electron-spin coherence times have been difficult to achieve
with ground-state spin transduction protocols. For example,
our analysis is in qualitative agreement with the ground-
state site 2 coherence lifetime of 5.6 us observed at 30 mK
with a different magnetic field orientation [20].

Finally, we outline an excited-state scheme for optical to
microwave transduction. Previous proposals used the
ground-state spin by coupling it off-resonantly [15] or
resonantly [16] to a microwave cavity. One limiting factor
for efficient conversion in [16] is the short coherence
lifetime compared to the coupling strength.

To employ the excited state for transduction, the protocol
from Ref. [16] can be modified as follows. The first step is
the same as in Ref. [16]; we prepare a narrow spectral
feature and then apply a magnetic field gradient to produce
an inhomogeneously broadened feature. An incoming
optical photon is then absorbed on the |1)—|4} transition.
The induced inhomogeneous broadening and free evolution
of the system cause dephasing of the optical coherence,
preventing re-emission and ensuring that the optical photon
is stored. In the next step, a series of 7 pulses are applied on
the |1)—|3) transition. This is different from the original
protocol, where the 7 pulses were applied on the [2)—|4)
transition. The first z pulse brings the population from state
|1} to |3) and subsequent free evolution further dephases
the system due to the spin inhomogeneous broadening, but
at a possibly different rate. After a delay, we apply a second
7 pulse to bring population back into |1), while simulta-
neously reversing the field gradient to begin the rephasing
procedure. Since spontaneously emitted photons will have
a different frequency than converted photons, inverting the
population on the optical transition does not introduce
photon noise at the converted frequency. Once dephasing
due to inhomogeneous broadening of the excited state is
compensated, we apply another z pulse, moving population
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to state |3) to complete the rephasing. This procedure
compensates for dynamical phases induced by the field
gradient. To further compensate for dephasing due to
intrinsic spin inhomogeneous broadening, a sequence of
dynamical decoupling microwave pulses could be applied
on the |3)}-|4) transition. After successful rephasing, the
system is in a state that strongly couples to a microwave
cavity due to collective enhancement of the coupling
strength, allowing for efficient transfer of the matter
excitation to a microwave photon. Assuming the same
spin-cavity coupling strength of v/2z = 34 MHz as in
Ref. [20], which is justified since the principal values of the
magnetic ¢ tensors for the */ s 2 and iy 2 states in
Er’t: Y,SiOs are roughly the same [38], and using our
measured spin coherence lifetime of 75, = 1.6 us, we can
estimate the transfer efficiency of the spin excitation to a
microwave photon to be 7 ~ exp(—z/2/T2.v) ~ 99%. To
obtain the overall conversion efficiency, we must combine
this with the efficiency of mapping the optical photon to the
spin excitation, which can be highly efficient provided a
large optical depth [41] (for quantitative analysis of the
effect of optical density on efficiency, see Ref. [42]);
however, we note that in an actual experiment, other
implementation factors, such as imperfections in optical
pumping or pi pulses, might cause diminishing increases in
efficiency.

A further advantage of using excited-state spin transitions
is that only ions in the laser beam cross section interact with
the microwave cavity, making spatial hole burning, as
required in the original protocol, unnecessary. Also, revers-
ing the protocol allows conversion of a microwave photon to
a propagating telecom photon. Moreover, the optical pho-
ton’s bandwidth can be tuned, as in the original protocol, by
controlling the strength of the field gradient.

In conclusion, we observed electron spin echoes in the
optically excited state of an erbium-doped crystal.
Coherence lifetimes of up to 1.6 us were recorded for a
field of 8.7 mT at 1.9 K, and analysis of the decoherence
processes suggest that ms lifetimes should be reached under
conditions used for superconducting qubits. We propose a
scheme to exploit these long coherence lifetimes for
reversible optical to microwave conversion, with our
analysis predicting near unity conversion -efficiency.
Overall, using excited-state spin transitions opens a new
and attractive way to coherently interface RE ensembles
with microwave cavities and may stimulate new proposals
for transducer devices.
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Note added—A related experiment using hyperfine states
of 17Er** has been performed in parallel [43].
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EXPERIMENTAL METHODS

The experimental arrangement for our RHS measurements is depicted in Fig. 1A. A New
Focus Velocity external-cavity diode laser set at a vacuum wavelength of A = 1536.49 nm
and amplified with an ILX Lightwave LDC-3724B erbium-doped fiber amplifier was sent
through the crystal’s b axis (3.9 mm length) with E parallel to D,. The laser linewidth was
estimated to be Ay = 1 MHz over ms timescales. The crystal was a 0.005 atomic percent (50
ppm) Er®t:Y,8i05 (YSO) crystal (No. 6-429) grown by Scientific Material Corp. / FLIR.
(Bozeman, MT) with an optical inhomogeneous linewidth of T'p 0r = 390 MHz and peak
absorption of g = 8.1 em™ for E || D; [1]. The sample was mounted in an Oxford Optistat
helium bath cryostat and cooled down to 3 K. The laser beam was focused with a 150 mm
focal length lens into the sample to a waist of wg = 90 pm with a power of P = 15 mW
at the sample. Another lens of the same focal length was placed 150 mm after the sample
to re-collimate the beam. A static magnetic field B created by an external Helmholtz coil
was applied parallel to the Dy axis of the crystal. The sample was mounted onto a 50 Q
impedance-matched copper strip waveguide through which the RF power passed, producing
an RF excitation with an amplitude of several Gauss along the b axis of the crystal (see
Fig. 1C and 1D). The RF transmission line was terminated by a 50 € impedance load
outside of the cryostat to prevent back-reflection. The optical detection after the sample
was made by an amplified AC-coupled photodiode (New Focus model 1611-AC) with 1 GHz
bandwidth and the acquired signal was sent to a spectrum analyzer to measure the Raman
beat amplitude. An HP model E4411B spectrum analyzer with integrated RF tracking
generator produced an RF signal of -10 dBm between 9 kHz - 1.0 GHz that was used for the
CW RHS, as seen in Fig. 1A. The corresponding effective g of the four straight lines visible
on Fig. 1B (4.75 and 3.85 + 0.3 corresponding to the ground state, and 4.35 and 3.27 +
0.3 to the excited state) allow us to determine the exact direction of the magnetic field with
respect to the b, Dy, Dy crystal frame: § = 86.91 +0.01° and ¢ = 7.0 + 0.2° (using the Euler

angle convention define in [2]).

The experimental set-up for the RHS spin echo measurement (Fig. 1B) used the same
sample holder and optical set-up as the CW RHS measurements. The sample was held
in a superfluid liquid He bath for temperatures below 2.1 K and in a constant flow of He

exchange gas for higher temperatures. The RF signal was generated by a high-stability

2
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frequency synthesizer (Precision Test Sources PTS-500). To generate pulses, an RF TTL
switch (Mini-circuits ZASWA-2-50-DR+) was used and triggered by a pulse delay generator
(Stanford Research Systems DG-645) that was phase locked to the 10 MHz clock of the
frequency synthesizer. We used a +45 dB amplifier (Mini-circuits ZHL-5W-1) to increase
the RF power before sending it into the cryostat. The signal detected by the photodiode was
band-pass filtered (using Mini-circuits SHP-400 and SLP-450) and then down mixed (using a
Mini-circuits ZLW-2) with a local oscillator (LO) from a second synthesizer (PTS-500) that
was phase locked to the 10 MHz clock of the first one. The LO signal was passed through
a variable RF phase shifter (Merrimac PSM-3-500B) before the mixer to compensate for
differential delays in the system. The down-mixed DC signal was sent through a low-pass

filter (Mini-circuits BLP-1.9) and then digitized by an oscilloscope (Textronix TDS-754C).

OPTICALLY PUMPED EXCITED-STATE POPULATION

For the spin echo measurements, the laser was continuously sent through the sample, pro-
ducing a large excited-state population. Over the timescale of the absorption and emission
process, we expect the laser linewidth to be much broader than the optical homogeneous
linewidth I';, of individual Er®tions in the crystal. Consequently, the absorption of the laser
spectrum that overlaps each ion’s resonance is described by the integrated absorption and
emission cross section oq [3], which can be calculated from the material properties presented

earlier according to
o 7l—]--\inh,opt Qg

0 = oN =1.1 %1078 em®Hz. (1)
The peak laser intensity within the sample is given by
2P
II’ - ng’ (2)

allowing us to calculate the equilibrium excited-state population n. for the case of I'y, < Av
to be
hv Av

ne=(2+—+—)" =05 3
€ ( oo IpTl)opt) ( )

Thus, we expect equal Er*tpopulations in the ground and excited state over the ~1 MHz
bandwidth of the laser, but considering the much larger optical inhomogeneous linewidth
of 390 MHz, overall there will still be a factor of ~800 greater total Er®tpopulation in the

ground state than in the optical excited state.

B!
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Due to the strong optical pumping, once an Er®tion is in its excited state it will be driven
back to the ground state by stimulated emission; however, the RF pulses applied during the
spin echo sequence will transfer half of the Er®tions to their opposite spin state so that
their optical resonance will be shifted by the difference Az between the Zeeman shifts of the
ground and excited state spins given by

Az=i|gg_?;WBB, (4)
which is 71 MHz for our conditions. Since this shift is much larger than the laser linewidth
Av, after the RF excitation pulses are applied only the fraction of Er®tions remaining in their
original spin state will be removed from the echo process by stimulated emission, reducing the
spin echo amplitude by a factor two. The remaining spins relax to the ground state due to the
optical spontaneous emission lifetime 7T} ,,¢; however, if the laser light is sufficiently intense,
stimulated emission can still occur due to the weak tails of the laser excitation spectrum at
Az, resulting in an increased relaxation rate. If we assume a Lorentzian lineshape for the

laser spectrum, the optical intensity 7o at Az is related to the peak intensity I, according

to
Av?
Sz AR ©®

resulting in a relaxation rate due to stimulated emission of

Ia

1
B, = gola

- -1
= A, =540 57 (6)

Together with spontanecus emission, this contributes a total spin relaxation rate of
Ropt = R +1/T10pt ()

to the observed excited-state spin lifetime. For our conditions, this effect limits the observed
lifetime to 7. < 1.5 ms. This corresponds well with the plateau of 73, = 1.2 ms for 7" < 2

K that we observe in our measurements (see Fig. 3B in main text).

SPIN ECHO DECAY MODELING

To study spectral diffusion and the different contributions to decoherence of the excited-
state spin transition |3)++|4), we analyzed the 2- and 3-pulse echo results using the following

procedure. First, the tails of the 3-pulse echo decays were fitted with an exponential decay

5
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TABLE I. Decoherence model fit parameters.

Ty Tsp Rg @0g Ay

2.7 x 10° Hz 4.3 x 10° Hz 2.4 % 10441 50 x 100 Hz 40 K

to determine the [3)++|4) spin-state lifetimes 7}., with example results shown in Fig. 3 B).

Next, all of the 3- and 2-pulse echo decays were fitted together using the model

I(tas) = Ipe T e(-2an@o+iTsp[Rrizi-e=Fm])) (8)

with t15 = 0.3 us being a fixed delay for our 3-pulse decay measurements, and the dependence
simplifying to

I(tp) = Izpe(—ztizﬂ(ro+%rspm12)) ©

for 2-pulse decays where to3 = 0 us.

The width T’y represents decoherence caused by spin flips of Er®tat site 2 that occur over
timescales faster than the shortest times probed in our measurements (sub-us). The width
['sp represents the magnitude of spectral diffusion caused by spin flips of Er®*at site 1. The
total spin-flip rate R for Er®tspins at site 1 is composed of a spin flip-flop contribution Rg
that is independent of temperature for our conditions and a two-phonon Orbach relaxation
component Rp 4 = ao‘g/[e(%i) — 1] that depends strongly on temperature. A, is the energy
of the next crystal level above the ground state (in Kelvin) and ag 4 is the coupling strength.
The two-phonon Raman and one-phonon direct terms are both negligible for our conditions.
Example fit results for 3-pulse and 2-pulse decay measurements are presented in Fig. 3A
and 3B, respectively, and the extracted parameters are given in Table I. The crystal field
level splitting A, of 57 K [1] is larger than the fitted value. However, it is known that this
parameter is often observed to be significantly lower than expected due to approximations

inherent in the simple exponential form of the temperature dependence [4-7].

ESTIMATION OF RELAXATION AND DECOHERENCE RATES

In this section, we investigate simple analytical estimates for spin dynamics and the
resulting decoherence processes. To facilitate the discussion, notation for different groups of

spins will be designated by subscripts. For example, Awy 3 1e1, Will designate the component

6
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FIG. 2. Example of fits to the experimental A) 3-pulse and B) 2-pulse spin echo decays at several
temperatures. All 2- and 3-pulse echo decays were fit together with shared fit parameters. For the

sake of clarity in the figure, only a few selected decays are shown.

of the dipolar width (in angular frequency units) of Er®tspins in the excited state of site 1
that is caused by other Er®*spins in the ground state of site 1. For simplification, since we
do not investigate the site 2 spin coherence lifetimes (i.e. Thg. and T5 ), we will simply
use T, and 75, to represent the spin coherence lifetimes for the ground and excited state of
Erdtat site 1, respectively.

For our sample, the concentration of Er®*spins at site 1 is n = 4.7 x 107 ions/cm?, with
the same concentration also at site 2. For the resonant processes (i.e. spin flip flops), the

relevant concentration is half of that value because there are two magnetically inequivalent
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sub-groups for each site. The effective g-factor of the optically excited state of site 1 is
g1e = 3.3 for the subsite and orientation studied here (see Fig 1B). For simplicity, the
effective g-factors for the ground state of site 1 and 2 are taken as the average between
the two subsites, giving values of g, =~ 4.3 and ga, &~ 14. For the following estimates, we
consider a sample temperature of 7= 2 K and a magnetic field strength of B = 8.7 x 102
T.

According to Mims [8], the dipolar half-width of a single sub-group of spins A due to
perturbations by a second sub-group of spins B can be estimated with the formula
27r2uoﬂ»259Aan; (10)

(9V3h)

With ga the gyromagnetic ratio of the studied A spins, gp the gyromagnetic factor of

Awyjpap =

the perturbing B spins, po the vacuum permeability, up the Bohr Magneton, and n the
concentration of B spins (in spins/m?).
From Eq. 10, we can calculate the full-width at half maximum of the dynamic distribution

of transition frequencies of A spins due to dipole-dipole interactions with B spins as
Aw B
1/2,AB h(gBMB )27 (11)

T =
= kT

and estimate the spin flip-flop rate between B spins as [9]

_ QW(Awl/z,BB)ZWCh(gBP‘BB)Z, (12)

firza 2kT

’ an h

with B the magnetic field and k& the Boltzman constant.

If the flip-flop rate for the B spins is much faster than the time evolution of the A spins,
the dipolar contribution is partially reduced due to an averaging effect (motional narrowing
[8]), and we can estimate the full-width at half maximum of the dynamic distribution of

transition frequencies of A spins due to dipole-dipole interactions with B spins in that case

o 2
(Awy sz aB)
i e i A 13
EAR 0.56mRg BB (13)
Together, Eqs. 10 — 13 provide the following theoretical estimates for our model param-
eters:

. FSD,theory = Flelg =44 x 105 Hz

* R theory = Rit1g1¢ = 1.6 x 10° 57"
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L] Rff)zgzg =1.8x10" 57!
L4 FO,theory = Fﬁ,lng =63 % 105 Hz

These simple equations only give rough approximations—in particular, they do not account
for the strong anisotropy of the g tensors; however, the theoretical estimates agree reasonably
well with the experimental results determined from our global fit of the 2- and 3-pulse echo
decays of Ty = 2.7 x 10° Hz, I'sp = 4.3 x 10° Hz, and Rg = 2.1 x 104 s~*. To further
confirm our theory, the variations of 75, with temperature were estimated using the fitted

parameters (see Table 1) and the relation [10] (see Fig. 2B in the main text):

2T T'spR
Toe = -1 1 14
= il (11 D22 (14

The consistency between the experimental and theoretical values provides support for our

overall interpretation of the population dynamics and decoherence mechanisms; nevertheless,
further measurements for different magnetic field strengths and orientations will be required

to fully test the predictions of this model.

EXCITED-STATE SPIN LIFETIME VS TEMPERATURE

The variations of the observed Ty, as a function of temperature (see above) can be modeled

by the contribution of spin-phonon processes and optical excitation as

1 h A
T, ~ OPe ngscoth(gksT) + R, T? + 006 H) 4 Roy (15)

The first two terms, which represent the contribution from the one-phonon direct process
and the off-resonant two-phonon Raman process are negligible at very low temperatures and
magnetic field strengths. The variations in 7T}, could be fit well using only the last two terms,
which correspond to the resonant two-phonon Orbach process and the photon emission
rate from the excited state (see section Optically Pumped Excited-State Population
above). The resulting fit parameters are presented in Table II. The crystal-field splitting in
the Orbach process that we determined is, once again, slightly smaller than the actual value

[1] (see section Spin Echo Decay Modeling).

9
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TABLE II. Fit parameters for 7.

Q0 e Ae Rs Tl,opt
1.0 x 1012 Hz 50 K 840 st 9 ms

INSTANTANEOUS SPECTRAL DIFFUSION

To evaluate the effect of decoherance from ISD caused by a ”hard” RF 7 pulse with a
spectrum wider than the spin inhomogeneous linewdith (measured to be I';,, = 10 MHz for
our conditions) so that all of the spins in the crystal are excited, we may simply use the
dipolar width from Eq. 10 to derive the effective coherence lifetime as

1

Awy/oaa

(16)

To15p,.a =

If we consider the same conditions as in the earlier section Estimation of Relaxation and
Decoherence Rates, Eq. 16 allows us to predict the ISD-limited coherence lifetimes for

each of the spin transitions to be:
e Thrspie < 1.5 ms
o Thrspig < 1.1 ps
e T515p2y < 100 ns

Since these limits only depend on the excitation conditions (i.e. excitation-driven de-
coherence), the results show that ISD will severely limit the spin coherence lifetime in the
ground state even at lower temperatures where other thermally driven spectral diffusion

processes can be suppressed.

LOW-TEMPERATURE MODELING

In this section, we consider the same conditions as in the previous section Estimation of
Relaxation and Decoherence Rates except for a much lower temperature of 7' = 20 mK
and with a larger field of B = 50 mT applied along the same direction (g1 = 3.3, 15 = 4.3
and gy & 14).

For these conditions, the population ratios between |2) and |1) will be ry, =8 x 107° for

site 2 and ry, = 2.5 x 1072 for site 1 at thermal equilibrium. Thus, there will be no significant

10
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perturbation from the spin bath of Er3tin site 2 due to their strong spin polarization, so at
the lower temperature of 50 mK we expect I'y to approach the value I'g pr = 0 Hz.

We can estimate the low temperature spin coherence time 75, for the optical excited
state from the experimental fitted values between 1.6 K and 4 K (see section Estimation
of Relaxation and Decoherence Rates) by using the equation :

1.41
VB 151680172 101

This equation comes from the model of Mims when the flip-flop rate of the perturbing spins

The = (17)

is slower than the evolution time of the measured spins [8]. Since both the flip-flop rate
and the spectral diffusion broadening depend on the degree of alignment of the perturbing
spins, as the temperature and magnetic field are varied the coherence lifetime will change
by a factor p given by the ratio of the hyperbolic secant squared factors in Egs. 11 and 12.
For our example, when we decrease the temperature from 2 K to 20 mK and increase the

field from 8.7 mT to 50 mT, the coherence lifetime increases by the factor

Sech(ggﬂg )(0,0087)2

2k X2
= 22~ 350 (18)
sech( B2 20E)2

Using the fitted values of Rg 141, and Awl/z,mg in Eq. 17, we find The migh Temp = S.4 s
and predict a low temperature value of Toe Low Temp = 2.9 ms.

In the ground state, however, the flip-flop rate for RF-excited spins increases due to the
increase in the number of aligned spins in the environment that an excited spin can transfer
energy to (see main text). This effect reduces the lifetime of RF-excited spins and results in
an upper limit for the achievable ground-state spin coherence lifetime of Toy pow Temp = 1/ R,
where Rg is the ground-state spin flip-flop rate in the high-temperature limit. For our
conditions, the high-temperature flip-flop rate is Rg = 2.1 x 10* s~! and the corresponding
maximum ground-state spin coherence lifetime is therefore only ~48 us, which is significantly

shorter than the excited-state spin coherence lifetime under the same conditions.

[1] T. Béttger, Y. Sun, C. W. Thiel, and R. L. Cone, Phys. Rev. B 74, 075107 (2006).
[2] Y. Sun, T. Béttger, C. W. Thiel, and R. L. Cone, Phys. Rev. B 77, 085124 (2008).
[3] R. C. Hilborn, Am. J. Phys. 50, 982 (1982).

[4] B. A. Young and H. J. Stapleton, Phys. Lett. 21, 498 (1966).

11



82

[5] G. Wolfowicz, H. Maier-Flaig, R. Marino, A. Ferrier, H. Vezin, J. J. L. Morton, and P. Gold-
ner, Phys. Rev. Lett. 114, 170503 (2015).

[6] T. Bottger, C. W. Thiel, R. L. Cone, Y. Sun, and A. Faraon, Phys. Rev. B 045134, 1 (2016).

[7) H.-J. Lim, S. Welinski, A. Ferrier, P. Goldner, and J. J. L. Morton, Phys. Rev. B 97, 064409
(2018).

[8] W. Mims, Phys. Rev. 168, 370 (1968).

[9] R. M. Macfarlane, R. Wannemacher, D. Boye, Y. P. Wang, and R. S. Meltzer, J. Lumin.
48-49, 313 (1991).

[10] T. Béttger, C. W. Thiel, Y. Sun, and R. L. Cone, Phys. Rev. B 73, 075101 (2006).

12



83

CHAPTER 6

MEASUREMENT OF THE THULIUM ION SPIN HAMILTONIAN WITHIN A YTTRIUM

GALLIUM GARNET HOST CRYSTAL

Contribution of Authors and Co-Authors

Manuscript in Chapter 6
Author: Jacob H. Davidson

Contributions: Prepared material samples, designed and set up experimental apparatus,
performed the measurements to acquire data, analyzed and interpreted results, generated figures,
wrote and edited the manuscript.

Co-Author: Philip J. T. Woodburn:

Contributions: Prepared material samples, designed and set up experimental apparatus,
performed the measurements to acquire data, analyzed and interpreted results, generated figures,
wrote and edited the manuscript.

Co-Author: Aaron D. Marsh

Contributions: Prepared material samples, designed and set up experimental apparatus,
performed the measurements to acquire data, analyzed and interpreted results, generated figures,
wrote and edited the manuscript.

Co-Author: Kyle J. Olson

Contributions: Analyzed and interpreted results, performed the measurements to acquire data,
analyzed and interpreted results, generated figures, wrote and edited the manuscript, discussed
results and implications.

Co-Author: Adam Olivera

Contributions: Analyzed and interpreted results, performed the measurements to acquire data,
analyzed and interpreted results, generated figures, wrote and edited the manuscript, discussed
results and implications.



84
Co-Author: Antariksha Das

Contributions: Analyzed and interpreted results, performed the measurements to acquire data,
analyzed and interpreted results, generated figures, wrote and edited the manuscript, discussed
results and implications.

Co-Author: Mohsen Falamarzi Askarani

Contributions: Analyzed and interpreted results, performed the measurements to acquire data,
analyzed and interpreted results, generated figures, wrote and edited the manuscript, discussed
results and implications.

Co-Author: Wolfgang Tittel

Contributions: Analyzed and interpreted results, wrote and edited the manuscript, discussed
results and implications.

Co-Author: Rufus L. Cone

Contributions: Analyzed and interpreted results, wrote and edited the manuscript, discussed
results and implications.

Co-Author: Charles W. Thiel

Contributions: Prepared material samples, designed and set up experimental apparatus,
performed the measurements to acquire data, analyzed and interpreted results, generated figures,
wrote and edited the manuscript.



85

Manuscript Information

Jacob H. Davidson, Philip J. T. Woodburn, Aaron D. Marsh, Kyle J. Olson, Adam Olivera,
Antariksha Das, Mohsen Falamarzi Askarani, Wolfgang Tittel, Rufus L. Cone, and Charles W.
Thiel

Physical Review B

Status of Manuscript:

__X_Prepared for submission to a peer-reviewed journal
_____Officially submitted to a peer-reviewed journal
____Accepted by a peer-reviewed journal

____ Published in a peer-reviewed journal



86

Measurement of the Thulium Ion Spin Hamiltonian Within a Yttrium Gallium
Garnet Host Crystal

Jacob H. Davidson,* Phillip J. Woodburn,? Aaron D. Marsh,? Kyle J. Olson,> Adam Olivera,?
Antariksha Das,' Mohsen Falamarzi Askarani,’ Wolfgang Tittel,! Rufus L. Cone,® and Charles W. Thiel?

1 Qutech and Kavli Institute of Nanoscience, Delft University of Technology, Delft, The Netherlands
“ Department of Physics, Montana State University, Bozeman, Montana 59717, USA

We characterize the magnetic effects present for thulium ions in a Y3GasO12 (Tm:YGG) lattice
with the goal to improve decoherence and line-width broadening caused by local host spins and
crystal imperfections. More precisely,we measure hyper-fine tensors for the ground, *Hg, and excited,
3Hy, states using a combination of spectral hole burning, absorption spectroscopy, and optically
detected nuclear magnetic resonance. By rotating the sample through a series of angles with an
external magnetic field we use these techniques measure and fit the orientation dependence of the
Tm?*t ion’s spin-Hamiltonian. Using this spin-Hamiltonian we propose a set of orientations akin to
zero first order Zeeman technique to improve material properties that are important for light-matter
interaction and quantum information applications. Our results yield several important external
field directions: some to extend optical coherence times, another to improve spin inhomogeneous
broadening, and yet another that maximizes mixing of the spin states for specific sets of ions, which

allows improving optical pumping and creation of lambda systems in this material.

I. INTRODUCTION

Rare earth ion-doped crystals (REIC) have long been
studied for use in high frequency quantum and classi-
cal signal processing!'2. The transitions of interest are
those between electrons of the 4f shell which are weakly
permitted, due to the mixing of the wavefunctions by
the host crystal field. Additionally, these electrons lie
spatially isolated behind a sheath of 5s and 5p shell
electrons which are distributed farther from the nucleus.
These transitions have shown optical and spin coherence
times, up to hundreds of microseconds and minutes, that
enable interesting applications in quantum and classi-
cal data processing and distribution®*. This coherence,
and the associated applications are often limited only
by time-varying electromagnetic fields in the local crys-
talline environment®5.

Thulium has received particular interest due to its
simple level structure, long coherence time, and read-
ily available diode lasers at the 795 nm optical transition
wavelength™®.  Of particular interest is Tm®t embed-
ded in Yttrium Gallium Garnet (Y3Gas0q2, Tm:YGG)
for which optical coherence times (T3) on the order of
milliseconds have recently been measured®'°. This ion
and host erystal combination is still relatively unexplored
compared to Tm:YAG. For example, the difference in
coherence times between these two structurally similar,
vet chemically different, garnet materials is not yet com-
pletely understood®®. However, deeper understanding
about the crystal dynamics, symmetry, and hyper-fine
structure has led to huge improvements in spectroscopic
properties of optical and microwave transitions in other
rare earth doped materials. One such example is the pos-
sibility of transitions with zero first order Zeeman shift
(ZEFOZ), which may be obtained by controlling the in-
terplay of the measured terms of the ion’s spin Hamil-
tonian, and can lead to orders of magnitude increase in

spin coherence times®. Additionally, the complete spin
Hamiltonian can be used to improve and develop new
experiments for applications of quantum networking and
light matter interaction!®!2,

In this letter we present a complete characterization
of the hyper-fine structure in the ground and excited
states of the 795nm optical transition of Tm?** ions. To
perform these measurements we use, absorption spec-
troscopy, spectral hole burning (SHB), and optically de-
tected nuclear magnetic resonance (ODNMR), isolate,
measure, and confirm different terms of the spin Hamil-
tonian. These measurements individually produce infor-
mation about the coupled behavior of these levels, and
six magnetically equivalent, orientationally in-equivalent
sites. Only by cross referencing the spectra from dif-
ferent sets of measurements are we able to decouple
the information into the individual orientational behav-
ior of each thulium ion in each individual site for each
electronic level. Qur results are then confirmed to be
in good agreement with initial assumptions about crys-
talline structure”, and a pair of independent measure-
ments of the spin Hamiltonian terms using a single crys-
talline direction of Tm:YGG. The new knowledge allows
us to predict the presence of optical clock transitions in
this material which may allow extending the optical co-
herence times for light storage and quantum memory.

This letter is presented in the following order: In Sec.II
we give a brief overview of the Hamiltonian of the system
and the remaining unknowns to be measured. In Sec.IIT
we describe the general crystal geometry as well as the
implications with regard to the Hamiltonian, and how
to isolate the specific projections of an external field on
a specific ion site. Section 1V describes the experimen-
tal setups used to produce the results. In Secs. V and
VI we describe how we gather spectra from hole burning
and ODMNR measurements with different crystal orien-
tations and which hyper-fine tensor values stem from the



results. Section VII contains details on a pair of inde-
pendently conducted measurements that confirm these
tensor values for a specific orientation of the external
field. In Sec. VIIT we discuss our results in the context
of optical clock transitions and we identify a series of field
orientations that may lead to improved optical coherence
in this material.

II. SPIN HAMILTONIAN FOR THE
ENHANCED ZEEMAN AND QUADRATIC
ZEEMAN EFFECTS

For a non-Kramers ion contained in a crystal lattice of
low symmetry, a six term Hamiltonian is often considered
to describe the behavior of the ionic level structure'4,

H=(Hpr+Hep)+Hyp+Hog+Hez +Hyz (1)
The first pair of terms describes the energy structure of a
free ion (Hpy) coupling to the local crystal field (Hep),
which determines the energies of the states differentiated
by total electron spin angular momentum that we are in-
terested in for this work. The remaining four terms, con-
tributions from the hyperfine (Hgy ), quadrupole (Hg),
electronic Zeeman(H,z) and nuclear Zeeman (H, z) in-
teractions, are treated as small perturbations. The mea-
surements conducted here focus on a specific pair of these
electronic levels, specifically the *Hg < *Hy transition.
Additionally, the only isotope of thulium (Tm!%%) pos-
sesses a nuclear spin of % which allows us to drop the
quadrupole splitting term He, that is required to describe
nuclei with lower magnetic symmetry” 1516,

The remaining terms of this Hamiltonian are magnetic
in nature, corresponding to the hyper-fine, electronic Zee-
man, and nuclear Zeeman interactions, and make up the
"spin”-Hamiltonian of the system. By expanding these
remaining terms to second order as in!® we arrive at a
three term Hamiltonian,

H =B (~g.8.1-2g;upAsA;)-I-g5u5B-As-B (2)

where g,, is the nuclear gyro-magnetic ratio of thulium,
Bn is the nuclear magneton, gy is electronic g factor for
each level, ug is the Bohr magneton, A is the hyper-fine
interaction constant, I the ion’s nuclear spin, B the ap-
plied external field, and, finally, A ; the hyper-fine tensor.
This tensor is given by second order perturbation theory
as

(0] Ja|n) (nJ5|0)

A
¢ En 7 EO

(.8) = z

n#0

, o, 8 € {z,y, 2}

(3)
where {0]J|n}, (n|Jg|0) are wave-function matrix ele-
ments for the electronic levels of interest and the sum
is over the nearest crystal field levels with energies
E.T.1516

n .

The first two terms in 2 describe the enhanced Zeeman
effect that results from the second order coupling of the
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hyper-fine interaction and the electronic Zeeman effect
and the first order nuclear Zeeman interaction. The third
term is the quadratic Zeeman effect that results from the
expansion of the electronic Zeeman term where the ori-
entation dependence is again determined by a scaled ver-
sion of the same hyper-fine tensor, A'7. Other terms that
arise from the expansion to second order are small, and
neglected. With this description in place the only un-
knowns in Eq.2 are the 18 matrix elements of the hyper-
fine tensors Ay . each a 3x3 matrix that complete the
description of the magnetic interactions for Tm?* ions
in this material. The level structure with an applied
magnetic field is shown in Fig. 2 a. The effect of the
quadratic term can be seen as a shift of the whole elec-
tronic level, and the linear term (2 a.Inset) splits the
pair of spin states. The number of unknown elements in
this tensor drops further due to the local symmetry of the
Tm?3" ions which replace yttrium in the YGG lattice.

III. CRYSTAL SYMMETRY AND SITE

SELECTION

The location and symmetry of the yttrium sites is well
understood for garnet crystals®'®1° YGG is a cubic
crystal with space group symmetry O}°, and the thuil-
ium sites feature Dy point group symmetry®. The site
symmetry, as described for the similar case of Tm:YAG?°
and depicted in Fig. 1, allows for six crystallographically
equivalent yet orientationally in-equivalent substitution
sites.

The magnetic behavior in each of these sites is the
same, due to the Tm3* ion being locally surrounded by
the same elemental cell units. However, the ion and its
whole local environment can occur at six different ori-
entations with respect to the cubic crystal cells of the
garnet, leading to orientational in-equivalence between
the sites. Here as in?C and Fig 1, there are a few di-
rections with respect to the cubic crystal axes that cast
different subsets of the orientationally in-equivalent sites
into classes of ions that share the same projections of ap-
plied electromagnetic fields(E, B) onto the local Tm*+
site axes. For fields (E ﬁ) directed along the crystalline
<111> and <001> sets of directions (<110>,< 112 >
and <100>,<010> respectively) . These symmetric di-
rections serve as a labeling convention for growth, dicing,
and orientation of these crystals and are built into the
models detailed below, which allows us to determine the
relative projection of incident fields on each of the Tm
ion sites throughout our experiments.

On a more microscopic level, the local Dy symmetry
for each site is quite high such that by using a set of axes
around the Tm*" ion defined by that site symmetry we
can diagonalize the hyperfine tensor from Sec. II. This
leaves only the six diagonal elements, A 7 ,, ) ( three for
each electronic state J), which correspond to the tensor
elements along the three axes shown in Fig.1 for ”Site
17 of the six sites. Considering the crystal symmetry,
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FIG. 1: Possible sites of Tm ions in a yttrium gallium
garnet crystal. Black thick axes denote the cubic unit
cell boundaries. Each of the 6 colored cuboids denotes
the location as well as the direction of the ion’s local
Y-axis (along the cuboids largest dimension), expected
to be the direction of the optical transition dipole
moment of the thulium transition, relative to a cubic
crystal cell. Each site is identified by a specific color
throughout the remainder of this letter: ”Site 17
(Black), "Site 2” (Purple), ”Site 3” (Orange), ”Site 4”
(Yellow), "Site 57 (Green), ”Site 67 (Blue). Red axes
denote the symmetry axes along which the erystal is
grown and oriented for these studies. Throughout this
letter we will characterize rotations with respect to
these directions < 110 >, < 111 >, < 112 >, and
rotations with respect to them. Finally, the labeled
(x,y,z) thin black axes denote the local site axes as
defined by the D; point group symmetry(shown is the
example of Site 1).

the entire enhanced Zeeman term of Eqn. 2 for a given
1 ic level be simplified to"16
electronic level can be simplified to

Hi o) = /95,82 + 93, B2 + g3,B2- T (4)

for

(5)

The determination of the six remaining parameters
(three per electronic level) will be discussed in two later
sections.

To measure these parameters we gather data about
the splittings of the ground and excited spin states for
a series of different orientations of a Tm:YGG crystal
sample. In spherical coordinates, each spectific orienta-
tion (@, @) realtive the cubic crystal cell shown in Fig.1,
has a fixed set of projections on each of the 6 potential
Tm®" ion site axes. Thus for every angle of the mag-
netic field with a macroscopic, oriented sample, we can
determine from the expected geometry the exact mag-
netic projection on each Tm ion axis. By matching sets

9i(wy,z) = —GnOn — 20018 AN g (2y,2)
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of these magnetic field projections to various measure-
ments of the spin state splitting we determine the desired
hyperfine tensor values.

IV. EXPERIMENTAL SETUP

To gather the data for our study, we used a total of
five Tm:YGG crystals, all cut along with aspects relative
to the crystal axes available for light propagation. In ad-
dition, we employed several experimental setups. While
similar from an abstract point of view (Laser — Pulsing
— Frequency Control — Cold Crystal in a magnetic field
— Detector), they featured technological differences. For
instance, we used different cryogenic systems —two he-
lium flow cryostats reaching a base temperature of 2K,
equipped with magnets that allow creating fields up to 7
T and fitted with a gearing system that allows rotating
the cooled sample by up to 360 degrees around a fixed
optical axis for each sample crystal; and an adiabatic
demagnetization refrigerator reaching 500 mK temper-
ature, equipped with a 2T magnet as well as a static
crystal holder.

To address the center of the inhomogeneously broad-
end *Hg < *H, transition of thulium at 795.325 nm wave-
length, we used either a titanium sapphire laser or an ex-
ternal cavity laser. The light was subsequently directed
through an acousto-optic modulator (AOM), which al-
lowed creating pulses out of the continuous-wave laser
light. Additionally, we used either an AOM in double-
pass configuration, or a phase modulator driven by a
serrodyne signal, to frequency modulate the light. The
appropriately prepared pulses were then directed to the
cooled Tm:YGG samples either free space or using a
single-mode optical fiber. The beam diameter inside the
samples were around 500 pum in case of the flow cryostat
and free-space coupling, and around 200 pm in the other
case. Finally, the light was sent into a photodetector,
and the electrical signals were displayed on an oscillo-
scope and recorded for analysis.

The set of ODNMR experiments detailed in section VI
also required the application of radio-frequency signals
that vary between 20kHz and 10 MHz. Towards this
end, one of the flow cryostats is equipped with a copper
coil that allows creation of an adjustable frequency RF
field around the crystal sample. This coil is driven using
5-10 W RF power, created by means of a RF signal gen-
erator, a pair of 40dB amplifiers as well as appropriate
attenuation. For each needed the frequency, the output
from the signal generator was set to the desired value and
mixed with RF noise, low passed to 100kHz before being
sent to the coil, and terminated to 50€2. The added noise
increases the RF tone bandwidth to provide a RF field
capable of driving a larger population of spins, and in
turn create signals with higher SNR.

Additional information about the experimental setups
will be given in Sections V, VI, & VII along the descrip-
tion of the measurements.



V. SPECTRAL HOLE BURNING
DESCRIPTION AND RESULTS

The six remaining tensor values appear in both the
linear and quadratic terms of the above Hamiltonian
such that measurements of either term’s orientation
dependence is sufficient to determine the entire spin-
Hamiltonian. The linear splitting of spin levels in a
system of ground and excited states can be observed
through spectral hole burning measurements'®. With
a magnetic field applied, both the ground and excited
electronic states split into spin up +3, (| 1)) and spin
down —1, (| 1)) states creating a pair of levels seen in
Fig.2 a. (Inset). Even at cryogenic temperatures, both
ground state spin states are equally populated. Spec-
tral hole burning drives atomic population through this
level structure resulting in long lasting population differ-
ences between the different spin states®. The details of
this optical pumping mechanism are well understood and
are detailed in?!:??. The original pump pulse creates the
main spectral hole, a reduction of the atomic absorption
of the ensemble at the chosen pulse frequency within the
in-homogeneous broadening of the crystal.

Considering only a single projection of the magnetic
field on a site, ions in the selected bandwidth are pumped
to the other ground state spin level and thereby create
a feature with increased absorption, referred to as an
anti-hole, at a frequency offset given by the ground state
splitting, Ag. Due to the in-homogeneously broadened
nature of the transition, additional anti-holes and a sin-
gle side hole arise symmetrically around the main hole,
at frequency offsets of (Ag + Ae) and Ae, respectively.
By sweeping weak laser light over the frequency region
surrounding the main hole and recording the transmitted
intensity these population differences are visible, shown
in Fig.2 b. By measuring the frequency offset of side
and anti-holes for a set of different orientations we can
determine the hyperfine tensor in Eq.2.

As a complication, for an arbitrary orientation each
site has a different projection of the external field on its
local axes. Thus, based on that projection, is it possible
that that the same spectral feature(e.g. the first anti-hole
at Ag - Ae) from separate sites may be visible at differ-
ent frequencies. In the worst case this could result in
crowded spectrums which contain as many as 48 features
that would need to be assigned to different sites and asso-
ciated external field projections. Fortunately due ot the
fixed orientations of the sites with respect to the symmet-
ric crystal axes, some orientations cast sites into equiva-
lent subsets, making their spectral features appear at the
same frequencies. This is the case in Fig.2 b. where the
visible features belong to three different sites 1, 3, and

5 which all share the same field projection. However,
for a differently oriented case of Figure 2 ¢. the visi-

ble features show only the (Ag -Ae) anti-holes for a pair
of Tm®* sites with different magnetic field projections.
Thus, with hole spectrums such as these from a series
of different orientations, the problem then becomes in-
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FIG. 2: a. Diagram of the level structure for the optical
transition in Tm!® with increasing magnetic field.
Note that on a large scale the change in energy of all
the spin states is dominated by the quadratic term, but
for small fields it is linear. b. A detailed serrodyne scan
of a spectral hole structure measured for a magnetic
field of 90 mT applied along the crystalline <111> axis.
The small feature at 2 MHz is likely a spectral feature
arising from the other set of sites for this orientation. c.
Double passed AOM frequency scan of a broader
spectral hole at 300mT. Only Ag — Ae anti-holes are
visible for a pair of differently oriented sites. d. Markers
show the anti-hole frequencies plotted vs the angle
between the external magnetic field and the crystal’s
<111> axis. Solid lines of each color are fits of a
"difference” tensor to each of the six potential sites for
the ions with a coefficient of determination R? > 90%.

terpreting each spectrum, and making an asignment for
each feature to a particular site, and its corresponding
external field projection. This provides us with a set of
splittings, which can be used to determine the the tensor
values for a given site at a given orientation.

This experiment was conducted in one of the flow
cryostats mentioned in Sec.III. The Tm:YGG sample was
cooled to 2K and a fixed field of 300mT was applied as the
sample was rotated through a series of angles. To create a
spectrum the experimental burning sequence at each an-
gle involved a lms hole burning pulse, a waiting period
of 10 ms for population to decay from the excited state,
and finally a 100us read pulse with a chirped frequency



over a 40MHz region centered at the main hole to reveal
any side and anti-hole structure. This sequence used cir-
cularly polarized light and =100mW of power incident on
the crystal and was averaged over many trials to produce
a single spectrum at each angle. Due to a combination
of pump laser linewidth, sample temperature, and lim-
ited AOM frequency shifting efficiency we were only able
to monitor and record the frequency change of the first
anti-hole, occurring at a frequency offset of (Ag -Ae), for
all sites during these rotational SHB measurements.

Though not a direct measurement of the tensor values
of either the ground or excited state, these values con-
tain valuable information that in conjunction with the
ODNMR data from Section V is used to compute the
spin-Hamiltonian. But tracking these splittings through
the series of different angles hetween an external mag-
netic field and the symmetric crystal axes, we fit a "dif-
ference tensor” that best satisfies the measured (Ag -Ae)
splittings for all sites at all angles.

More specifically, for a specific angle of external field
with respect to a particular crystalline direction, there
is a known projection of the magnetic field on each of
the six sites. Our fitting procedue fits g, 4 o) values in 4
to a particular splitting which is assigned manually to a
site, and determines the three associated magnetic ficld
projections (B, By, B;) at cach angle. Thus, one set of
fitted values match a whole matrix of magnetic projec-
tions, for a series of angles with regard to each site, to a
set of splitting values assigned to each site. The spectral
locations of the visible anti-holes at the series of angles
compared to the results of this least squares tensor fitting
procedure can be seen in Fig.2d. This fitting procedure
and analysis were repeated for two differently oriented
Tm:YGG crystals, and good agreement was found be-
tween the resulting ”difference tensors”. For more infor-
mation regarding the fitting procedure, and plots of the
fit for the second crystalline direction consult the supple-
mentary material? .

V1. ODNMR MEASUREMENT AND RESULTS

In addition to SHB where optical pumping drives
change in spin level population by way of the optical
excitation to the excited state followd by spontaneous re-
laxation, it is also possible to alter the relative spin level
populations by directly addressing the microwave transi-
tion between them. The relative population between the
nuclear spin levels can then be observed optically in a
double resonance experiment known as optically detected
nuclear magnetic resonance (ODNMR), which has been
carried out with a number of REICs'32324 Ag opposed
to SHB, ODNMR. provides information directly about
either Ag or Ae and thereby allows supplementing the
results in the previous section to extract the hamiltonian
in Eq.2. The strategy, shown in Fig. 3a, involves first cre-
ating a population difference between the two spin levels
via SHB. While viewing this hole profile optically an RF
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FI1G. 3: a. Diagrammatic view of the ODNMR
experiment, including the driven spin transition that
appears at small magnetic fields, and the coherent RF
drive that equalizes the population between the -1 spin
states. b. The wrp frequencies that diminish the height
of a spectral hole are identified as resonances by a
smoothing and peak finding algorithm and then
confirmed manually. A spectrum such as this one is
generated for many angles between the field with the
crystal || < 211 > axis e. A plot of resonances from all
spectrums at a series of angles between external field
and the crystal < 211 > direction. d,e,f Site by site
fitting of the tensors listed in [ to the resonances from ¢
across a series of angles.

pulse is created which, if resonant with the spin tran-
sition at frequency Ag, re-equalizes the spin population
resulting in a change of the absorption depth of the spec-
tral hole. Since the energy difference between spin states
is unknown for a given external magnetic field the RF
field is swept across a range of frequencies to find the
resonance condition wrr =Ag. The excited state split-
ting Ae can be measured with a similar approach using
an altered sequence of optical and RF excitation pulses
such that population can be addressed and viewed while
in the excited state.

This experiment is carried out in one of the helium
flow cryostats, equipped with a RF coil on a rotation
mount to supply the RF fields. The Tm:YGG sample is
cooled to 2K and an external magnetic field of 20-40mT



is applied perpendicular to the optical and rotational axis
along the crystalline <211> direction. Using an altered
SHB experimental sequence a spectral hole is prepared
and read out, with burning and waiting times adjusted
to ensure minimal contribution to the spectral hole depth
from atomic population in the excited states while max-
imizing the repetition rate. Additionally the durations
and relative powers of the burn and read pulses were ad-
justed to produce a slightly shallower hole that could be
read with less noise from laser power fluctuations.

While repeating the hole burning experiment, 100 ms
long RF pulses, are applied to the crystal. We tune the
frequency of the RF field in 20 kHz steps from 100kHz-4
MHgz and five repetitions are averaged to produce spec-
trums such as that seen in Fig.3 b. The broadening
of the features is due to the convolution of the applied
RF field linewidth of 100kHz and the spin resonance in-
homogeneous linewidth. To ensure that these features
showed indeed the ground state atomic resonances, we
first confirmed that each resonance frequency had a lin-
ear shift with increasing external magnetic field, and were
absent when no external field was applied. We optimized
the generation of the ODNMR spectra over the parame-
ter space of RF drive power, optical hole burning power,
duration, sample temperature, SHB duty cycle, and ex-
perimental repetition rate.

This experiment was repeated for a series of differ-
ent angles between the crystals <211> axis and the ex-
ternally applied magnetic field. All resonance frequen-
cies were determined with help of a peak finding algo-
rithm;They are displayed in Fig. 3 ¢. As before, all six
Tm sites contribute to this set of resonances.

Here again, each specific angle of external field with
respect to a particular crystalline direction defines six
projections of the magnetic field on each site. Each an-
gle is associated with a series of ODNMR resonances as
well, such that a vector of ground state tensor values
must solve, as closely as possible, a matrix equation that
includes magnetic projections on each site for many lo-
cal angles, to fit over more than 200 equally weighted
resonance points. The resulting tensor fits are shown in
Fig. 3 d,e,f. Site assignment and fitting was repeated for
two differently oriented cuts of Tm:YGG crystal which
show good agreement with one another. The results of
the second fit can be seen in the supplementary material.
It is interesting to note that the calculated tensor values
are comparable to those measured with Tm:GG?%. This
gives us additional confidence in the results, as in the case
of the confirmation between Tm:YAG and Tm:AG?226,

This fitting procedure produces the three ground state
tensor values Ay ¢, -y, and in conjunction with the “dif-
ference tensor” fits from the previous section A, (., -
can also be determined. These results for the six spin-
Hamiltonian components averaged over the four direc-
tional fits of sections V & VI are shown in Table [ where
the signs are given by convention. Unfortunately, both
spectral hole burning and ODNMR vield only the mag-
nitude but not the sign of the different parameters be-
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*Hs(g) Ha(e)
GnBn | -3.53(MHz/T) | -3.53(MHz/T)®
g 1.16 0.8
Ay -470.3(MHz) -678.3(MHz)
AjA.| 723 x107* -1.55 x107*
Ashy| 447 x1078 -3.95 x107#
AjAL| -9.99 x107* -5.57 x107*
gr |27 4 1.7 (MHz/T)| 7 + 2.5 (MHz/T)
gy |146 = 1.5(MHz/T)|92 + 2.8 (MHz/T)
g: |36+ 2.6 (MHz/T) |16 + 3.1 (MHz/T)

TABLE I: Spin Hamiltonian values. The g; values are
calculated ussing the general formalism described in'?.
The Ay values are from’ and can be recalculated from™™
as they depend only on the expectation value for
electron radius for this Tm transition. gy, . values for
the excited and ground states are measured in this
work. Together with the listed constants they allow
calculating all A, values using Eqn.5.

cause we cannot differentiate one spin state from another.
Nonetheless, and similarly to??, for our purposes it is
often enough to know the relative energy difference be-
tween the two spin states of each electronic level, and not
whether it happens to be the spin up or spin down state
since their energy shifts will be symmetric.

VII. VERIFICATION OF RESULTS

In the following, we will detail additional measure-
ments based on alternative methods and on different
Tm:YGG crystals. While being performed with a re-
duced set of parameters that does not allow indepen-
dently establishing the Hamiltonion in Eq. 2, they nev-
ertheless allow verifying the results presented in section

VI.

A. Linear Zeeman shift

The enhanced Zeeman interaction given by the first
two terms of Eq.(2) results in a linear splitting of the spin
levels in both the ground and excited states. As discussed
in section IV the Zeeman coefficient can be measured by
first applying a magnetic field, then exposing the sample
to narrow-band laser light, and finally probing the result-
ing sequence of holes and anti-holes by scanning a weak
laser across the created spectral features.

This experiment was performed inside the ADR and
at a temperature of 500 mK. In this case the magnetic
field could only be applied along the crystal’s <111> di-
rection, resulting in magnetic projections of equal mag-
nitude on the Y and Z components of sites 1,3 and 5, and
X and 7 components of sites 2,4 and 6. The hole burning
laser was frequency locked to around 10 kHz linewidth by
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FIG. 4: a. The linear splitting of the anti-holes shown
in Fig.2 b. for the B || <111> orientation yields values
of 45 &108+ 2 MHz/T and a side hole splitting of 63+
2 MHz/T. b. Absolute absorption frequency for the
optical transitions from the lowest ground state crystal
field level to the first (795.325 nm) and
second(793.7nm) excited state crystal field levels with
increasing magnetic field. e. A closer look at the
behavior of these transitions reveals the expected
quadratic nature of the frequency shift.

means of a highly stable reference cavity and the Pound-
Drever-Hall method, and we employed 1 mW of power
incident on the erystal, burning pulses of 200ms duration,
10ms of waiting time to avoid spontaneously emitted sig-
nal, and a 1ms long read pulse. The lower temperature
and narrower laser linewidth (compared to the measure-
ments described before) allowed resolving all expected
SHB features, including a pair of anti holes and a side
hole, as seen in Fig. 2 b. for a field of 90 mT.

The splitting of these spectral features as a function of
magnetic field in Fig.4 a. confirms the linear nature of
the Zeeman interaction with splittings of the ground and
excited states of 108 + 2 MHz/T and 63 + 2 MHz/T,
respectively. This is in good agreement with the values
calculated from the measured tensors, which we found to
be Ag = 106 + 2.2 Mlz/T, Ae = 66 + 1.3 MHz/T for

sites 1,3 and 5 for this orientation.

B. Quadratic Zeeman shift

The quadratic Zeeman interaction given by the third
term of Eq.(2) shifts each electronic crystal field level,
characterized by the total angular momentum J, parabol-

ically due to the so-called VanVleck paramagnetism?®.

Each J-manifold shifts with its own rate, as depicted in
Fig.2 a. and described by its hvper-fine tensor. This cre-
ates an overall change to the optical transition frequency
with a B? dependence that varies based on the external
field direction. It can be calculated using the ground and
excited state tensor values given in Table L.

To measure the quadratic Zeeman effect we used a flow
cryostat operating at 5K and allowing the application of a
magnetic field along the <111> direction of the Tm:YGG
crystal.  We performed white light absorption spec-
troscopy, similar to'®, i.e. we directed collimated CW
white light through the crystal and to an optical spec-
trum analyzer to observe the entire in-homogeneous line
of the *Hg <3Hy transition at 795.325nm (sce Fig.4b).
The optical transition from lowest crystal field level of
the ground state to the second crystal field level of the
excited state at 793.7 nm was visible as well, confirm-
ing the expected crystal field spacing of 26 em~! in®.
We monitored the absorption frequencies for this pair of
transitions as the external magnetic field was increased
from 0 to 6 T. The results are depicted in Fig. 4 c. A
quadratic fit vields a frequency shift of A = 1.08 £ 0.24
GHz/T?, which is in good agreement with the value of
A, = 1.09 £ 0.25 GHz/T? that we calculated from the
measured spin tensors.

VIII. OPTICAL CLOCK TRANSITIONS AND

SPECIAL DIRECTIONS

The frequency of the transition between two spin
states—one belonging to the electronic ground state and
one of the excited state-depends through the linear and
quadratic Zeeman effects on the magnetic field. Small
field fluctuations therefore cause spectral diffusion and
hence a reduction of the optical coherence time. It is
sometimes possible to chose a magnetic field magnitude
and a crystal orientation for which the transition energy
becomes, to first order, insensitive to fluctuations in the
magnetic field. These transitions are referred to as opti-
cal clock transition and are quite similar to the ZEFOZ
transitions from®27:29:30 " Clock transitions are extremely
powerful tools used for reducing decoherence due to noisy
stray magnetic fields®!. These clock transitions exist in
Tm:YGG and can be found for a particular site using the
procedure detailed below.

Inspecting the third term of Eq. 2 and taking into
account that the elements of the hyperfine tensor 'y are
larger in the ground state than in the excited state (see!®
for a detailed explanation in Tm:YAG) the optical tran-
sition energy change caused by the quadratic Zeeman
effect creates an increase in transition energy with mag-
netic field. This is depicted theoretically in Fig.2 a. and
confirmed from the data in Fig. 4h.

Furthermore, looking at the first and second term of
Eq. 2, which describe the linear Zeeman shift, we find
that there exist ground and excited state pairs of spin
states for which the optical transition frequency decreases
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FIG. 5: a. The shift in the optical transition frequency
follows a quadratic dependence with an extrema that,
for every orientation, appears at a positive field for the
spin conserving -1/2 < -1/2 transition (blue) and at
some negative field for the spin conserving +1/2 &
+1/2 transitions (red). b. For the -1/2 <> -1/2 spin
conserving optical transition and for all angles, the
magnetic field value of this extrema is identified. c.
Angular gradient of the optical transition frequency at a
field of 19mT. Two points are visible for which the
angular gradient gets approaches zero. d. Energy shifts
of the two -1/2 spin states at this particular direction
vs. magnetic field magnitude. At 19mT the slope of the
energy change for both states with change in field
magnitude is equal (along with the other derivatives)
and an optical clock transition occurs.

with applied magnetic field. Hence, for certain combina~
tions of crystal orientation (or rather orientation of a lo-
cal T'm site) with respect to the magnetic field, magnetic
field strength and spin values, the linear and quadratic
Zeeman effects oppose each other, and an optical clock
transition can be observed®?, This transition must have
a field magnitude insensitive point, which is shown in
Fig. 5 a as the shift in optical transition frequency
AFE,.(|B|,0,¢) vs. applied field magnitude.

In these cases, the spin-Hamiltonian terms form a
quadratic function which must have an extremum, i.e.
a field magnitude insensitive point, at some positive field
magnitude. The first condition of an optical clock tran-
sition, a field magnitude |B %
calculated for every orientation of magnetic field relative
to the ”Site 1”7 spin -1/2 conserving optical transition in
Fig. 5 b using a mesh size of 1mT and 1 degree angular
steps.

For

such that

=0, is

the remaining angular derivatives

(aAE,,,,f OAE s
OB DB
which AF,p is also insensitive to first order angu-
lar change to complete each optical clock transition.
Though all orientations have some field magnitude which
results in an invariant point, only some orientations
have angular gradients which simultaneously go to zero.
Plotted in Fig b ¢ is the magnitude of the angular
gradient for both spin conserving optical transitions vs
the optical transition frequency for all angles of magnetic
field with respect to the crystalline axes. Two angular
points stand out, one for each spin conserving transition,
whose gradient value becomes exceedingly small. By
cross referencing the points of small angular gradient
with the field at which the magnitude extrema appears
we can find an orientation that simultaneously brings
all three derivatives to zero. In the case of the spin
-1/2 conserving optical transition for ”Site 1” we arrive
at a set of coordinates ﬁ\B|,0,¢; = (19mT,55°, —15°)
that correspond to an optical clock transition. The
invariant energy levels of this transition at this field are
shown in Fig.5d. This procedure can be repeated for the
remaining sites and potential optical transitions(spin
crossing or preserving) giving us the list of many optical
clock transitions in this material shown in Table II.
Past studies characterize the benefit to coherence to
be gained by moving to a field invariant direction us-
ing the definition of transition curvature given hy?°,
All transitions in Table II share the same curvature of
~ 36 H z/G®. Other REIC samples previously brought to
invariant points with this magnitude of curvature have
resulted in improved spin coherence times by orders of
magnitude. However, the amount of improvement in the
case of Tm:YGG will depend heavily on the decoherence
mechanisms involved in the optical transition.

= 0) there must also be angles for

Though the clock directions are important for maxi-
mizing optical coherence time, alternative crystal prop-
erties can also be optimized by choosing other external
field directions. Following the arguments from®® we have
found other orientations that are capable of minimizing
the spin in-homogeneous broadening for the ground state
spin transition. Similarly, according to®?34 another ori-
entation exists which allows maximizing the branching
ratio of the available lambda system in this material. De-
tails on the calculation of these orientations are available
in the supplementary material.

IX. CONCLUSION

We conducted a series of spectroscopic studies that
allowed us to measure the full spin-hamiltonian for
Tm:YGG. Despite the multitude of sites, by using a com-
bination of SHB and ODNMR we determined both the
ground and excited state hyper-fine tensors. These ten-
sors were confirmed to match the results of a pair of



Site #| |B] B, | By |Spin Level Transition
1 19 mT'| 557 | -15° -1/2 & -1/2
1 19 mT 1257 | 166° +1/2 < 4+1/2
1 |36 mT| 64" |-150° +1/2 & -1/2
1 36 mT|1177| 31° -1/2 & 41/2
3 [19mT| 54" | 767 /2612
2 19 mT|125°|-105°| +1/2 & +1/2
2 36 mT|116°| 120 -1/2 & +1/2
2 |36mT|63° |-60° | +1/2.e-1/2
3 |19 mT|102°| 54° -1/2 & -1/2
3 [19mT|79° |-127°|  +1/2.& 11/2
3|36 mT|64° [ 120°|  +1/2 e -1/2
3 36 mT|1187| 60° -1/2 & 4+1/2
4 19 mT| 387 | 20° -1/2 & -1/2
4 |19 mT|143°|-160°|  +1/2 & +1/2
4 |36 mT|140°| -45° -1/2 = 4+1/2
4 [36mT|40° |135°|  +1/25-1/2
5 [19 mT] 387 [ 110° -1/2 & -1/2
5 |19 mT|142°| -70° +1/2 & +1/2
5 |36 mT|140°| 45° 172 & +1/2
5 |19 mT| 40 |-135” +1/2 < -1/2
6 [19mT| 78 | 37° -1/2 = -1/2
6 |19 mT|1029]-144°|  +1/2 & +1/2
6 [36mT|62° | 30° | -1/2 & +1/2
6 |36 mT|118°]-150°|  +1/2 & -1/2

TABLE II: Optical clock transitions with angular
coordinates of B given relative to the

(<100>,<010>,<001>) crystalline axes. These positive

and negative projections are based on the unit cell
directions for the 6 sites for the Tm:YGG.
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independent experiments with magnetic field directions
limited to the <111> crystal axis. This new knowledge
allowed us to determine a series of directions that should
create optical clock transitions for specific thulium sites
and in turn enhance the optical coherence of the tran-

sition in this material.

This confirms the potential of

Tm:YGG crystals for quantum networking and quantum
memory applications.
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I. FITTING DETAILS

To fit the data present in each of the angular scans we begin with a simple linear regression problem of the form:
A=A (1)

where A is a m x 3 matrix of magnetic field projections, where each of the m rows, representing a particular ion
site at a particular angle, is given by B,, B,, B.. The A is a vector that contains all the measured splittings from
either ODNMR or SHB given the particular fit. Finally, the X vector contains the hyperfine tensor values that solve
this system of equations for the series of ion sites at a series of angles. Since no tensor values will fit the measured
splittings with zero error and A may not be invertable, the then the matrix equation in Eq. 1 must be generalized to
its ordinary least squares version given by:

A= (ATA) ' ATA (2)

which gives the closest possible fit for the linear sytem of equations. Generalizing again, since the splittings do not
depend linearly on the magnetic field projections, we solve the new matrix equation using the nonlinear modeling
function of matlab for which the user supplies, the input vectors, X, and 5, and the nonlinear model that describes
their relationship, in this case,

g"V@2BQ 9B + 9282 (3)

or

— A= \/@B2+ 2B} + B2 — \[2B2 + €} B} + 2 B (4)

for the ground and ground minus excited state splittings respectively. The only task that remaining is to make sure
that each row of projections is associated with the correct resonance splitting to produce the final set of values. These
associations were made manually by relating each resonance to the most likely sites and angles using similar initial
measurements from [1].

All magnetic field projections are computed based on a unit vector magnetic field in relation to the site axes pictured
in main text Figure 1. Each sites’ axes given in the crystalline cubic cell frame are assumed to be:

Inverting the sign assumptions present in these directional definitions can result in some underlying changes to the
signs but not the magnitudes of the determined tensor values and special directions relative to each defined axis [2].

Site T i Z
1 (Black) [(1-10)|(110)[(001)
2 (Purple) | (11 0) [(-110)[(001)
3 (Orange)[(0 1-1)| (01 1) |(100)
4 (Yellow) [ (01 1) |(0-11)(100)
5 (Green) |[(-101)](101)|(010)
6 (Black) | (101)((10-1)|(010)

TABLE I: Defined directions in the crystal. These directions were normalized to compute all projections of the
magnetic fields. The positive and negative axes are assumed by convention to keep the site Z directions pointing into
the unit cell.
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SIFig. 1. Secondary SHB directional fit. a. Spectral hole burning anti hole splittings measured for an optical axis
along the crystalline <{110> axis. Dotted line indicate the minimum measurable splitting due to the width of the
central spectral hole.

From the set of all the points for a particular measurement, resonance points which showed no angular dependence
or extremely weak signatures were also omitted from the fits. Many of the omitted resonance points appeared at all
angles of ODNMR with a splitting of 9-11 MHz/T and are assumed to be the gallium nuclear spin splittings of the
host crystal. Finally, a fixed angular correction was made to all points for each particular set of data to account for
the experimental uncertainty in the crystal orientation.

II. SECONDARY FIT OF THE SHB DIFFERENCE TENSOR

Given the experimental uncertainty in angles and orientation, and the manually conducted site assignment for
each of the splittings it is important to verify the tensor values that are produced by our fitting procedure explain
the splitting behavior for multiple erystalline directions. To account for this we rotated the crystal to a new optical
axis, defining a new plane in which to rotate the B field, and repeated our angular rotation while collecting SHB
data for the new direction. The fitting procedure described above was applied to the resonances of the new direction
independently of the data from previous directions. The resulting tensor values, with fits pictured in Fig.1, show
close agreement with the values produced by the fit of the first direction. The tensor values from both directions are
averaged together to give the final values listed for the excited state splittings in the main text.

III. SECONDARY FIT OF THE ODNMR DIRECTIONAL TENSOR

Following the same logic for all rotational measurements, we conducted ODNMR measurements while rotating
around a pair of different optical axes as well. The resulting tensor values, with fits pictured in Fig.2, also show
good agreement with the values produced by the fit of the first direction. The tensor values from both directions are
averaged together to give the final values listed for the ground state splittings in the main text.

IV. MINIMIZE THE SPIN-INHOMOGENEOUS BROADENING

In the main text, the results for an optical clock transition are depicted to show an insensitive point between a pair
of energy levels that belong to the optical transition for the Tm> ions in this material. The purpose of this point
is to minimize the contribution of magnetic fluctuations to the uncertainty in optical transition energy. A similar
analogy can be drawn to the pair of ground state spin levels if that is instead the transition of interest. Since the
nuclear spin of thulium is 1/2 however, these levels will always experience a linear splitting relative to the magnitude
of the applied magnetic field. In other words, a complete ZEFOZ point is not accessible in this system. However, by
choosing a specific orientation in the hyperfine tensor space, as in the case of [3], the effects on these spins due to
orientation fluctuations of the local magnetic field can be minimized.

To improve future possibilities for spin control in Tm:YGG a crystal with similar spin coherence to Tm:YAG, but
missing the complex cross relaxation mechanism caused by aluminum [4], we have conducted the same analysis as in
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the case of [3]. We compute for some magnetic field amplitude, the magnitude at all angles of the splitting of the
ground state spin levels. Finding for each of the present sites, extrema in this angular splitting landscape, we pinpoint
orientations where the splitting between spin states has the smallest variation with respect to local angular change of
an external magnetic field. The results of this computation are shown for each of the six sites in Fig.3. These external
field orientations, computed from the tensors, will result in the narrowest possible spin transition in-homogeneous
broadening in this material, and have potential to enable dynamical decoupling and spin control sequences.
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V. BRANCHING RATIO SIMULATIONS AND DIRECTIONS

An additional aspect of interest in these rare earth ion-doped crystal systems is to create a lambda system where
two lower energy levels are each connected via optical transition to a single excited state [5-7]. Such a system is
relevant to a number of different quantum memory schemes. Since there are only a pair of degenerate spin levels
in this spin 1/2 system, the pair of ground states that couple to a single excited level must be the +1/2 ground
state spin levels. According to selection rules, optical transitions should not be capable of creating nuclear spin flips
making a lambda system with these couplings potentially impossible. However, due to the crystal field mixing of
the electronic and nuclear wave-functions such spin crossing transitions become weakly allowed, alongside their spin
preserving counterparts. By describing an effective magnetic field felt by the nuclear spin due to each of the nearest
crystal field levels, the amount of spin mixing that is possible can be calculated from the hyperfine tensor values of
Tm:YGG. Following the definition of an effective B field vector in the ground and excited states from[6], we compute
the likely branching ratio for each ion site at all possible orientations to determine which angles may yield the best
spin crossing transition probability for each site in Tm:YGG. Due to the lower anisotropy of the hyperfine tensors,
the maximum branching ratios that appear possible in Tm:YGG is 5%, much lower than the optimal case of 25%
in Tm:YAG.
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Rare-earthionsin crystals are a proven solid-state platform for quantum technologies in the ensemble regime and
attractive for new opportunities at the single-ion level. Among the trivalent rare earths, "' Yb®* is unique in that it
possesses asingle 4 f excited-state manifold andis the only paramagneticisotope with anuclear spinof 1 /2. In this
work, we present measurements of the optical and spin properties of 171 Yb**: YVO, to assess whether this distinct
energy-level structure can be harnessed for quantum interfaces. The material was found to possess large optical
absorption compared to other rare-earth-doped crystals owing to the combination of narrow inhomogeneous
broadening and a large transition oscillator strength. In moderate magnetic fields, we measure optical linewidths
less than 3 kHz and nuclear spin linewidths less than 50 Hz. We characterize the excited-state hyperfine and
Zeeman interactions in this system, which enables the engineering of a A system and demonstration of all-
optical coherent control over the nuclear-spin ensemble. Given these properties, 7' Yb*T:YVQ, has significant
potential for building quantum interfaces such as ensemble-based memories, microwave-to-optical transducers,
and optically addressable single rare-earth-ion spin qubits.

DOI: 10.1103/PhysRevB.98.024404

I. INTRODUCTION

Future quantum networks will incorporate a number of
different quantum technologies, such as stationary qubits
for high-fidelity logic operations and quantum memories for
synchronization and long-term storage [1-3]. A successful
network will require robust interfaces to coherently map quan-
tum information between the best technologies, which may be
based on disparate physical systems. For example, quantum
transducers between the microwave and optical domains could
be used to interface superconducting processors over long
distances through optical networks [4].

Rare-earth ions (REIs) doped into crystalline hosts have
demonstrated significant progress in implementing solid-state
quantum technologies. REIs possess some of the longest opti-
cal and spin coherence lifetimes in the solid state [5—8], which
has provided the foundation for numerous demonstrations
of quantum memories and quantum interfaces [9-14]. For
interfaces involving both microwave and optical photons, REIs
with an odd number of electrons (i.e., Kramers ions), such
as erbium, neodymium, and ytterbium, are of interest due to
their electron-spin transitions. The large magnetic moments
of these ions allow for strong interactions with microwaves,
enabling fast operations and the potential for interfacing with
superconducting qubits. Isotopes of these ions with nonzero
nuclear spin also offer the possibility of long-term quantum
storage [8]. This combination of properties creates the potential

*faraon@caltech.edu

for building interfaces between microwave photons, optical
photons, and long-lived nuclear spins.

Among the Kramers ions, ytterbium is an attractive choice
due to its simple level structure consisting of only two elec-
tronic multiplets. The optical transition between the lowest
energy levels of these multiplets occurs around 980 nm, which
is readily accessible by standard diode lasers. Furthermore,
the 'Yb*+ isotope is unique among the trivalent REIs
as the only Kramers ion with a nuclear spin of 1/2. This
gives the simplest possible hyperfine energy structure allowing
for both electron- and nuclear-spin degrees of freedom, reduc-
ing the complexity of optical preparation and manipulation
of spin states [15,16]. Recent work in '™ Yb*+:Y,8iOs [17-
20], Yb3:LiNbO; [21], and Yb*F:YAG [22] highlights the
interest in this ion. In this work, we investigate 1" Yb** doped
into the host crystal YVOy4. YVOy is an attractive choice for
implementing quantum interfaces [23,24] due to the ability to
fabricate nanoscale devices [25] and high site symmetry in this
material. Furthermore, previous work points to the potential for
high oscillator strength transitions for Yb*+ doped into YVO,
[26].

We present an initial survey of the properties of optical
and nuclear-spin transitions in 'Yb**:YVOy at cryogenic
temperatures. To determine whether this material can be
used for efficient interactions with light, we characterized the
strength and inhomogeneity of the optical transitions using
high-resolution optical spectroscopy. Large hyperfine cou-
plings and narrow optical inhomogeneous lines in this material
result in resolved optical transitions between the hyperfine
states, which allowed for characterization of the excited-state
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spin Hamiltonian directly from absorption measurements in
an applied magnetic field. Knowledge of the spin Hamiltonian
enables the identification of magnetic-field orientations that
create strongly spin-conserving transitions (for cyclic transi-
tions) or strongly spin-mixing optical transitions (allowing for
efficient lambda systems). To assess the possibility of storage
and manipulation of quantum information in this material, we
measured the coherence properties of the optical and nuclear-
spin transitions as a function of applied magnetic field. To
demonstrate the potential for all-optical control of the nuclear
spin states, we also measured spin echoes using bichromatic
Raman pulses.

This paper is organized as follows: Section II presents the
material properties of the samples used in this work and the spin
Hamiltonian used to model this system. Section III describes
the experimental methods and apparatus. Section IV presents
the experimental results and discussion. This section is further
divided into subsections: A (optical-absorption spectroscopy),
B (optical transition strengths), C (excited-state lifetime), D
(optical coherence measurements), E (nuclear-spin measure-
ments), and F (all-optical spin coherence measurements).

II. BACKGROUND

A. Material properties

YVO, (also called yttrium orthovanadate or YVO) forms a
zircon tetragonal crystal with Dy, symmetry [27]. Ytterbium
substitutes for yttrium in sites of local D, point-group symme-
try. The z axis of the site coincides with the crystalline fourfold
axis (the ¢ axis of the crystal). The uniaxial nature of this site
reduces the number of parameters needed to characterize the
system compared to a lower symmetry crystal such as Y,SiOs
[17,18].

The majority of measurements presented in this paper
were performed in samples cut from a boule of YVO, doped
with isotopically enriched "' Yb** custom grown by Gamdan
Optics. The concentration of 17! Yb was measured to be 100
ppm using secondary ion mass spectrometry (SIMS). The
samples were cut and polished to various thicknesses appropri-
ate to each measurement. Fluorescence lifetime measurements
were performed using a nominally undoped sample of YVO,u
(Gamdan Optics), which was measured using SIMS to have a
residual ' Yb** concentration of approximately 2 ppm.

B. Spin Hamiltonian

The 4 f1* configuration of Yb**+ consists of two electronic
multiplets: 2F7/, and 2 Fsp. In the crystal field of YVOy, the
ground-state multiplet (3F; 12) splits into four Kramers doublets
and the excited-state multiplet (*Fs /2) splits into three Kramers
doublets. The energies of these crystal-field levels have been
measured previously [28] and are shown in Fig. 1(a). At
liquid-helium temperatures, only the lowest energy doublet of
the ground state is thermally occupied. The optical transition
of interest for quantum interfaces is between the lowest energy
doublets of the ground state and excited state [2F7/2(0) —-
2F5/2(0)]. This transition occurs at approximately 984.5 nm
for Yb3+ doped into YVOy.

In this work, we focus on the 'Yb isotope, which has
a nuclear spin I = 1/2. Treating the Kramers doublets as

effective spins with § = 1/2, we can describe the system with
the following spin Hamiltonian [29]:

Ha=usB-g-S+1-A-S—pB-go- L (D)

The first term is due to the electronic Zeeman interaction,
where pp is the Bohr magneton, B is the applied magnetic
field, g is the electronic Zeeman tensor, and S is the spin-1/2
operator. The second term describes the coupling between the
electron spin and nuclear spin via the hyperfine interaction,
where I is the nuclear-spin operator and A is the hyperfine
interactiontensor. The last term arises from the nuclear Zeeman
interaction, where u, is the nuclear magneton and g, is the
nuclear Zeeman tensor. For 11Yb in YVO,, the nonzero
components of g, will be of the order of the gyromagnetic
moment of the free nucleus g, = 0.987, which leads to a
nuclear Zeeman interaction ~2000 times smaller than the
electronic Zeeman term. For the magnetic-field values used
in this work, we treat this interaction by incorporating it into
the electronic Zeeman tensor.

The energy structure in the absence of an external magnetic
field (B = 0) is determined by the hyperfine interactionI - A -
S. In the site symmetry of YVOy, the degeneracy of these
levels is partially lifted and the Hamiltonian has the follow-
ing eigenvalues at zero field: £ = %’L,%},ﬁ‘%,ﬂ#,
where A and A are the components of the hyperfine tensor
A perpendicular and parallel to the crystal symmetry axis (the ¢
axis) [29]. The order of the energies is determined by the signs
of these components, which we have determined to be Aﬁ <
0 and Ai,Aﬁ,A‘i > 0 (see Sec. IV A) with the superscript
g (e) denoting the ground (excited) state. The corresponding
eigenstates numbered from lowest to highest energy are
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For high magnetic fields applied along the ¢ axis, the
electronic Zeeman interaction dominates over the hyperfine
interaction. In this regime, mixing between the electron and
nuclear spin is greatly reduced and the states effectively
become
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FIG. 1. Energy-level diagram for 7! Yb**:YVOQ,. (a) Crystal-field splittings of 7' Yb>T:YVQ, teproduced from [28]. (b) Zero-field energy-
level diagram for the 2F/,(0) — 2Fs;,(0) transition of "' Yb**:YVO, at 984.5 nm studied in this paper. Energy splittings in the ground and
excited state are extracted from the excited-state hyperfine tensor determined in this work and previous measurements of the ground-state
hyperfine tensor [30]. The transitions corresponding to the observed absorption spectrum in Fig. 2 for £ || ¢ (E L ¢) are shown in solid blue
(dashed red). The dotted grey lines correspond to transitions that are forbidden by symmetry. (¢) Energy-level diagram for the linear Zeeman
regime with B || ¢ with arrows denoting the transitions studied in this work.

We have again numbered the states from lowest to highest
energy using the fact that gy < O for the ground state and
g > 0 for the excited state (see Sec. IV A). The prime is
used to distinguish between the high-field and zero-field state
labels. In this work, we focus on the coherence properties of
the optical and nuclear-spin transitions in the regime where the
linear Zeeman interaction is dominant.

III. EXPERIMENTAL METHODS

High-resolution laser absorption scans with a home-built
external-cavity diode laser (ECDL) using the design from [31]
were performed to measure the inhomogeneous linewidth and
absorption of the 2 F7/5(0) — 2Fs,(0) transition. The energies
of the optical transitions were extracted from absorption scans
taken with magnetic fields applied along the crystal symmetry
axes and used to determine the excited-state spin Hamiltonian.
For this purpose, we used a 90-um-thick a-cut sample of
1My p3+:YVO, This thickness was chosen such that the sample
was not overabsorbing at 2 K. The sample was mounted
in a custom sample mount and masked to avoid spurious
light leakage around the crystal that could lead to inaccurate
measurements of the optical depth. For the data presented here,
the probe light propagated parallel to the « axis of the crystal
and perpendicular to the applied magnetic field (k L B,¢). Ad-
ditional axial spectra (k || ¢) were taken to confirm the electric
dipole nature of the optical transitions [32]. The absorption
was determined by measuring the transmission of the ECDL
on a photodetector (New Focus 2031) as the frequency of the
laser was scanned across resonance. The center frequency of
the scan was calibrated with a wave meter (Burleigh WA-1500)
and the frequency detuning of the scan was calibrated using a
Fabry-Perotreference cavity. The absorption experiments were

performed in an Oxford Spectromag cryostat at a temperature
of 2 K with an applied magnetic field of up to 6 T.

For measurements of the excited state, optical coherence,
and spin coherence lifetimes, the optical transitions were ad-
dressed using a single frequency Ti:sapphire laser (M-Squared
Solstis) that was gated by an 80-MHz acousto-optic modulator
in a double-pass configuration to create the required pulse
sequence. For measurements of the coherence properties and
inhomogeneity of the nuclear-spin transition, the nuclear-spin
transition was addressed directly using a coaxial transmission
line mounted directly next to the sample.

The excited-state lifetime was measured from the time-
resolved fluorescence decay. We performed pulsed excitation
on the 2F;5(0) — 2Fs5/(0) transition and collected the re-
sulting fluorescence to the upper crystal-field levels of the
ground state [i.e., 2 Fs/(0) — *F7,,(1 — 3)] using a 1000-nm
long-pass filter. The fluorescence counts as a function of
time were recorded using a silicon avalanche photodiode
(Perkin-Elmer). Fluorescence measurements were performed
in a 500-pm-thick sample that was nominally undoped (resid-
ual "'Yb* concentration of ~2 ppm) and a 200-um-thick
100-ppm sample of 171 Yb3*+:YVO,. These measurements were
performed at4 K with zero applied magnetic field in a Montana
Instruments cryostat using a home-built confocal microscope
setup.

The coherence properties of the optical transition were
investigated using two-pulse photon echo decays as a function
of magnetic field strength. For this purpose, two-pulse photon
echoes on the |17} i |17}, transition were measured using
heterodyne detection. During the echo sequence, a fiber-based
phase modulator EOM (IXBlue NIR-MPX-L.N-20) was driven
by a microwave source (Windfreak Synth HD) at 500 MHz to
create an optical sideband resonant with the optical transition.
The resulting echo was detected as a beat at the sideband
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frequency using an InGaAs photodiode (Thorlabs DETOSCFC,
5 GHzbandwidth). Typical 7= pulses for this measurement were
4 uslong.

Optical coherence measurements were performed with the
sample mounted on the still plate of a Bluefors dilution
refrigerator at a temperature of 650 mK. These measurements
used a 500-pm-thick c-cut 100-ppm sample with k || ¢. The
light entered the refrigerator via single-mode optical fiber and
was focused onto the back surface of the sample, which was
coated in gold to enhance reflection. The reflected light was
coupled back into the fiber and directed to the photodetector
with a fiber beam splitter. A variable magnetic field of up to
1.5 T was applied along the crystal ¢ axis using a home-built
superconducting solenoid.

The inhomogeneous linewidth of the nuclear-spin transi-
tion was measured using continuous-wave Raman heterodyne
detection [33]. Frequency-swept microwave tones from a
tracking generator (Anritsu) were amplified and applied to the
sample. The coherence generated on the [1'), — |2/}, nuclear-
spin transition was mapped to an optical coherence by applying
a continuous-wave laser to the |2} 5% |1}, optical transition
at frequency vy, which resulted in coherent Raman scattering
on the |1, — |1'), optical transition at v,. This signal was
detected on the transmitted optical beam as a beat at the
microwave transition frequency (vo — v,) using an InGaAs
photodiode.

The nuclear-spin coherence was measured using two-pulse
spin echoes. Coherent manipulation on the nuclear-spin state
was performed with both direct microwave excitation and all-
optical excitation with bichromatic Raman pulses [34—37]. The
ionswere first initialized into the |1’} , state via optical pumping
on the |2}, — |1'}, transition. For direct manipulation, the
echo sequence was performed using tones generated by a
microwave source tuned to the [1'), — |2}, nuclear spin
transition. Pulses were generated using microwave switches
(Minicircuits ZASWA-2-50DR+) with typical 7z pulse lengths
of 100 us. For all-optical spin echoes, the nuclear-spin tran-
sition was coherently manipulated via the shared excited state
[1'), by applying bichromatic pulses to the |2'), — |1}, and
[17), — [1), transitions as depicted in Fig. 1(c). Typical
spin 7 pulses for the all-optical sequence were 8 us. The
two optical frequencies were generated by driving a fiber-
based phase modulator with a microwave source tuned to the
nuclear-spin transition frequency. The relative power of the
two optical frequencies was chosen to maximize the echo
signal. The resulting spin echo was optically detected via
Raman heterodyne scattering by applying a readout pulse to
the |2/} ¢ — [1'), transition at the time of the echo. The signal
was detected as a beat on the probe laser at the nuclear-spin
transition frequency.

Nuclear-spin coherence measurements were performed at
approximately 700 mK. These measurements were done in
transmission through a 2-mm-thick a-cut sample with k |
¢,B. The polarization of the input light was set using a
fiber polarization controller to maximize the echo signal. A
variable magnetic field was applied to the crystal using a set of
home-built superconducting Helmholtz coils. For the direct
microwave measurements, the magnetic field was applied
along the ¢ axis. For the all-optical measurements, the magnetic
field was applied ~20° from the ¢ axis. As described in Sec. IV,
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FIG. 2. Optical-absorption spectra of the 2F;,,(0) — 2Fs5;,(0)
transition of 17! Yb**: YVO, at 2 K and zero applied magnetic field for
light polarized parallel (solid blue) and perpendicular (dashed red) to
the crystal ¢ axis.

this was done to help equalize the strengths of the optical
transitions used in the measurement.

IV. OPTICAL AND SPIN PROPERTIES OF "' Yh:YVO,

A. Optical-absorption spectroscopy

The zero-field absorption spectra for the 2F7,(0) —
2 Fs5(0) transition of ! Yb**:YVO, at 2 K is shown in Fig. 2.
‘We observed narrow inhomogeneous linewidths [the average
full width at half maximum (FWHM) is 275 MHz], which
allowed us to resolve and address individual optical-hyperfine
transitions. For E || ¢, we observed three resolved transitions
with a peak absorption coefficient for the strongest transition
of 450 cm~!. For E L ¢, we observed four resolved transi-
tions with a peak absorption of 50 cm~!. The corresponding
transitions on the energy diagram are labeled in Fig. 1(b).
The strong polarization selection rules between the optical
hyperfine transitions observed in Fig. 2 are consistent with
those derived for electric-dipole transitions based on the site’s
point-group symmetry [38].

We observed a peak at zero detuning, which corresponds
to the presence of zero-spin isotope in the sample (measured
to be <10 ppm from SIMS). We also noted the presence of
additional satellite lines due to the 173 isotope.

The ground-state Zeeman and hyperfine tensors of
Myh3+:YVO, have been determined using electron para-
magnetic resonance [30], so a description of the system
requires finding the corresponding values for the excited state.
For a uniaxial crystal, this reduces to four parameters: the
components of g and A, parallel and perpendicular to the
crystal symmetry axis. The values for A can be determined by
the energy-level structure in the absence of a magnetic field,
while g can be determined from the energy-level structure as
magnetic fields are applied parallel and perpendicular to the
crystal’s ¢ axis.

Fitting to the energy-level splittings extracted from the ab-
sorption spectra, we find agreement with previously published
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FIG. 3. (a) Typical high-resolution absorption spectra for a mag-
netic field ramp with B,k L ¢ and E L ¢ showing resolved optical
hyperfine transitions. Darker regions correspond to higher absorption.
(b) Simulated absorption spectra using the experimentally determined
spin Hamiltonian for magnetic field ramp with Bk L ¢ and E L c.
The simulated absorption spectra take into account a slight misalign-
ment (~17) between the crystal a axis and the applied magnetic field.

data for the ground-state A tensor [30] (A‘T /h = —4.82 GHz,

A% /h = 0.675 GHz) and we determine the principal values
of the excited-state hyperfine tensor to be Afj/h =4.86 +
0.05 GHz and A® /h = 3.37 £ 0.05 GHz.

The excited-state g tensor was determined by measuring
the frequency of the optical transitions with magnetic fields
applied parallel and perpendicular to the crystal’s ¢ axis.
Figure 3(a) shows an example of one such measurement
in which the absorption was recorded while the magnetic
field perpendicular to the crystal ¢ axis was continuously
ramped. By fitting to the energy levels extracted from this
spectra and similar measurements for other field orientations,
we determine g, | = 2.51 £0.1 and g, | = 1.7 £ 0.1. Figure
3(b) shows the absorption spectra expected from the spin
Hamiltonian, which we see enables accurate predictions of
the energy-level splittings and relative transition absorption
oscillator strengths in this case.

B. Optical transition strengths

The strength of the optical transitions can be characterized
by assigning an oscillator strength to each individual transition.
The absorption oscillator strength for a transition |i) — |j) for
a polarized spectrum is given by [39,40]

mec 1 On;
fi=dmeg— =Y —L _ /ai(L’)dl’, (10)
T el

where ¢ is the vacuum permittivity, m, is the mass of the
electron, e is the charge on the electron, ¢ is the speed of

TABLEL Absorption properties of the '’ Yb**: Y VO, transitions
as labeled in Fig. 2, including the transition polarization [38],
integrated absorption coefficient, oscillator strength, and radiative
decay rate at zero magnetic field.

Trans.  Pol.  f[a(v)dv (GHz/cm)  f(107¢) 1/t (kHz)
A 14 97.3 5.4 1.3
& o 16.4 1.0 0.3
E 14 102.7 5.5 1.4
F o 17.4 1.1 0.4
G o 20.2 2.6 0.2
H a 19.9 2.6 0.2
1 T 189.7 4.9 1.2

light, N is the number density, and the summation is over the
three orthogonal polarizations states with «; and r; absorption
coefficient and index of refraction, respectively. For YVQOy,
ny=2.17and n; = 1.96 at 984 nm [41].

Assuming a doping density of 100 ppm, the number density
of Yb*F in YVO, is calculated to be N = 1.24 x 10 cm 3,
which is distributed between the four ground-state levels
according to Boltzmann statistics at 2 K. The integrated ab-
sorption coefficient and corresponding oscillator strengths for
the observed transitions are summarized in Table I. We measure
an average oscillator strength of 5.3 x 107¢ for transitions
allowed for E || ¢ (transitions A, E, T'in Fig. 2) and 1.8 x 10°¢
for transitions allowed for E L ¢ (transitions C, F, G, H in
Fig. 2).

The radiative lifetime for the 2Fs/5(0) — 2F/5(0) transi-
tions can be determined from the absorption measurements.
The radiative lifetime for a transition |j) — |i) is related to
the oscillator strength by [39,40]

B)
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1 2me* (n? +2) n? Fn
= —_— 11
3 (11)

where #n is the index of refraction, Xy is the wavelength in
vacuum, and fj; is the emission oscillator strength. The emis-
sion oscillator strength is related to the absorption oscillator
strength f;; by fii = f;/",, where g; (g;) is the degeneracy of
state |¢) (]/)). The calculated emission rates for the observed
transitions are included in Table I. From these rates, we
obtain an average radiative rate of 1/t.9 = 1/(590 us) for the
2Fs55(0) — 2F72(0) transitions.

C. Excited-state lifetimes

The excited-state lifetime is important for optical prepara-
tion of population among the spin states and sets the upper
limit on the optical coherence time. The measured excited-
state lifetime allow us to determine the optical branching
ratio between the crystal-field levels, which is important in
the context of Purcell enhancement in nanophotonic cavities
[42]. Here, we measure the excited-state lifetime through
fluorescence decay.

To avoid the problem of radiation trapping [43] ob-
served in previous measurements of excited-state lifetimes in
Yb-doped materials [22,26,44], the excited-state lifetime was
measured in a nominally undoped sample of Y VO, which had
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FIG. 4. Excited-state lifetime measurement via fluorescence de-
cay. An exponential fit (dashed line) gives t7 =267 £ 1 us.

a residual "' Yb** concentration of approximately 2 ppm. In
this sample, we did not see variations in the optical lifetime
within the inhomogeneous line or other signs of radiation
trapping. A typical fluorescence decay in this sample is shown
in Fig. 4. Fitting to a single exponential gives a fluorescence
lifetime of 7, = 267 & 1 us. The branching ratio back to the
same crystal-field level [2Fs;(0) — 2F72(0)] is then given
by B = 77/Tra, Where 77 and 7y5q are the fluorescence and
radiative lifetimes. Using the radiative lifetime obtained from
the absorption measurements, we determine the branching
ratio tobe g = 0.45.

We also note that in a 200-pm-thick 100-ppm sample we
observed lifetimes longer than 500 us in the center of the
inhomogeneous distribution that decreased to less than 300 us
when the excitation pulse was detuned by 200 MHz from
the center of the line. This behavior is attributed to radiation
trapping due to the high optical depth and strong transition
strengths of these ions.

D. Optical coherence measurements

To assess the ability to store quantum states in the material,
we first investigate the coherence of the optical transition using
two-pulse photon echoes (2PPEs). For Kramers ions, we expect
a dominant source of decoherence to be magnetic fluctuations
due to magnetic dipole-dipole interactions between Yb ions
[45]. One way to minimize this source of decoherence is
to freeze-out the electron spins by achieving a ground-state
splitting much larger than k, T [45]. For 1"'Yb3+:YVO,, the
energy-level splitting is maximized for a magnetic field along
the crystal ¢ axis. Here, we present measurements of the optical
coherence in the linear Zeeman regime with the magnetic field
along the ¢ axis. While a comprehensive study is warranted to
fully understand the decoherence mechanisms in this system,
a large magnetic field applied parallel to ¢ provides insight on
the maximum achievable coherence times in this material and
the dominant decoherence mechanisms.

Figure 5(a) shows typical photon echo decays for magnetic
fields ranging from 340 mT to 1.36 T along the crystal ¢

axis. We observed strong nonexponential decays, which can
be attributed to spectral diffusion and described by a Mims
decay [46]. For heterodyne detection, the decay of the echo
field is given by [46]

E(tp) = Ege™®n/Tn) 12)

where #15 is the delay between the two pulses used in the
photon echo experiment, x is the Mims parameter describing
the spectral diffusion, and 7}, is phase memory time (the time
at which the echo field amplitude decays to ! of its initial
value). Fits to the Mims decay are shown as solid lines in
Fig. 5(a). From T,,, we can extract an effective homogeneous
linewidth as Therr = (mT,)7 L. The effective linewidth as a
function of applied magnetic field along the ¢ axis is shown in
Fig. 5(b).

We observed a decrease in the linewidth with applied
magnetic field from ~5.5 kHz at 340 mT to ~3 kHz at
1.5 T, which was the maximum magnetic field achievable for
this measurement. The reduction in linewidth for increasing
magnetic field is expected for dephasing dominated by Yb-
Yb spin flips and similar to that observed in other Kramers
ions [4547]. At the highest magnetic fields, we saw that
the coherence no longer increased with applied field. The
nonexponential decay and saturation of coherence time in the
high-field limit are typical signs of the superhyperfine limit
[48]. In this limit, magnetic fluctuations due to the electron
spins are effectively frozen out and the main contribution to
dephasing is interactions with the nuclei of the host material.

We note that recent work in 171Yb3+:Y28105 [20] and
167Er3+:Y,S105 [49] demonstrated an increase in coherence
time due to reduced sensitivity to magnetic fluctuations at zero
first-order Zeeman (ZEFOZ) points at B = 0. While we did not
explore the low-field regime in this work, Eq. (1) predicts sim-
ilar zero-field ZBFOZ transitions in "' Yb**:YVO, between
levels 3}, and |4}, of the ground state and |1), and |2}, of the
excited state.

E. Nuclear-spin measurements

The coherence times of the 2 F; 12(0) nuclear-spin transitions
will determine the feasibility of long-term quantum infor-
mation storage in this system. In this section, we present
measurements on the inhomogeneous linewidth and coherence
properties of the [1'), — [2'), nuclear-spin transition in the
linear Zeeman regime.

The inhomogeneous broadening of the nuclear-spin transi-
tion was measured using continuous-wave Raman heterodyne
spectroscopy [33]. Figure 6 shows a typical trace of the
normalized Raman heterodyne signal power as the microwave
frequency is swept across the resonance. Fitting this peak
to a Lorentzian gives a FWHM of 250 kHz, which serves
as an upper bound on the inhomogeneous broadening of the
spin transition since the width of the observed signal can
be power broadened by the Rabi frequencies of the optical
and microwave fields used in the measurement [50]. The
inhomogeneity of the nuclear-spin transition can be attributed
to variations in the crystal field due to strain and defects in the
crystal and variations in the local magnetic field arising from
spin-spin interactions [51], as well as inhomogeneity of the
applied magnetic field along the beam path. This measurement
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FIG. 5. (a) Typical photon echo decays for B | ¢ showing an increase of coherence time and strong nonexponential decays with increasing
magnetic field. Fits to a Mims decay are shown for each field value as a solid line (see main text for details). (b) Effective linewidth extracted

from the fits to the photon echo decays for B || c.

was done with a field of 440 mT along ¢, but is typical of what
was obtained for other magnetic field amplitudes applied along
this direction.

The nuclear-spin coherence was measured by spin-echo
decays with direct microwave manipulation of the |17}, —
|2'), spin transition and optical detection via coherent Raman
scattering. Figure 7 shows typical nuclear-spin echo decays
for increasing magnetic fields along the ¢ axis. For the higher
field decays, we observed nonexponential decays resulting
from time-varying dephasing mechanisms that can again be
described by the Mims decay using Eq. (12). We measured
coherence times of 250 us at 60 mT that increased up to
6.6 ms at a field of 440 mT, which was the maximum achievable
magnetic field for the experimental configuration at the time of
the measurement. Time-resolved measurements of the decay
of the area of spectral holes prepared in the inhomogeneous
line [51] gave spin-relaxation times longer than 200 ms in this
field configuration, indicating that these coherence times are
not lifetime limited.

B=440mTII C
Ay = 250 kHz

2409 24005 2410 24105 2411 24115 2412 24125
Frequency (MHz)

FIG. 6. Continuous-wave Raman heterodyne measurement of the
nuclear-spin inhomogeneity with B = 440 mT parallel to the ¢ axis.
A Lorentzian fit gives a FWHM of 250 kHz.

F. All-optical spin coherence measurements

In addition to direct microwave excitation of the nuclear
spins, we are interested in performing coherent all-optical con-
trol on the nuclear spins. All-optical control allows us to take
advantage of relatively strong optical transitions to perform
faster manipulations on the spin. This approach also removes
the need for a microwave circuit to be incorporated next to
the sample, which reduces the complexity of the experimental
setup and prevents additional heating of the sample through
the microwave excitation. As an initial demonstration of the
potential for all-optical control in this system, we use an all-
optical Raman echo technique [52] to measure the coherence
of the nuclear-spin transition. The |17} o <2 12" o transition is
addressed by applying bichromatic pulses to the lambda system
formed by the 2}, — |1}, and |1}, — |1}, optical transi-
tions. Efficient rephasing of coherence on the spin transition
using bichromatic pulses in this fashion requires that the Rabi
frequencies of the two transitions of the lambda system are
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FIG. 7. Typical nuclear-spin echo decays for increasing applied
magnetic field along the ¢ axis. The echo sequence is performed with
direct microwave excitation and read out optically.
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FIG. 8. Typical nuclear-spin-echo decays for increasing magnetic
fields applied 20° from the ¢ axis. Here, the entire sequence is
performed using all-optical manipulation of the spins.

equal [35]. For magnetic fields applied parallel to the ¢ axis,
one (ransition of the lambda system is weak because the
wave functions have approached separability and the optical
transition cannot flip the nuclear spin. Moving the field off
axis induces mixing of the nuclear and electronic states, which
allows for a more favorable branching ratio between the two
arms of the lambda system.

Figure 8 shows representative all-optical Raman echo de-
cays for increasing applied magnetic fields applied 20° from
the ¢ axis. Fitting to a Mims decay to describe the observed
nonexponential behavior gave spin coherence times up to 1 ms
at 480 mT, which was the maximum field available for this
experiment. We note that moving the field off axis increases the
magnetic sensitivity of the transition and therefore we expect
a decrease of the spin coherence time in this regime. This
configuration also reduces the ground-state splitting, which
would increase the contribution from Yb-Yb electron-spin
interactions. We expect to extend this coherence time with
increasing magnetic fields as observed in the optical coherence
measurements.

V. SUMMARY AND CONCLUSION

In this work, we have presented measurements assessing
7lyb3+:Y VO, for use in quantum interfaces focusing on the
strength of the optical transitions, the energy level structure,
and the coherence properties of the optical and spin transitions.

From optical-absorption measurements, we extract oscil-
lator strengths in the upper range of those observed in REIs
and larger than those observed for 17'Yb** doped into Y»SiOs
and YAG [17,22]. This oscillator strength is promising for
detecting and manipulating single ions coupled to nanopho-
tonic cavities. The combination of large oscillator strengths and
narrow inhomogeneous broadening in this material gives rise
to exceptionally large absorption coefficients for this material.
Significantly, the peak absorption of 450 ¢m™' is within a
factor of 2 of the absorption in recently studied stoichiometric
rare-earth crystals [53], even though the ion concentration
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is a factor of 10* more dilute. This absorption coefficient is
promising for ensemble-based memories in bulk samples and
reaching the impedance-matched regime necessary to achieve
high-efficiency nanophotonic quantum memories. We observe
alarge branching ratio for relaxation directly to the ground state
for the 2 F5/2(0) — 2I%5(0) transition, which is appealing in
the context of Purcell enhancement of the emission rate in a
nanocavity [24,54].

The large hyperfine couplings and narrow inhomogeneous
linewidths give rise to resolved optical-hyperfine transitions.
This is useful for addressing and manipulating single tran-
sitions and states without additional preparation. The large
nuclear-spin transition splittings are also useful in the con-
text of off-resonance memory schemes and high-bandwidth
spin-wave storage. We completed a characterization of the
energy-level structure by determining the excited-state spin
Hamiltonian. The knowledge of the full spin Hamiltonian is
essential for designing optimal quantum interfaces because it
facilitates the prediction and engineering of lambda systems
or highly cyclic transitions. The symmetry of the crystal gives
rise to the strong selection rules on the optical transitions.
These selection rules are advantageous for engineering cyclic
transitions [55], especially in the context of a nanocavity that
can preferentially enhance emission along one polarization.

Tor protocols requiring additional nuclear-spin states, the
173yb isotope could be of interest because it has a nuclear spin
of 5/2. The knowledge of the spin Hamiltonian for the "' Yb
isotope allows the spin Hamiltonian for the ”*Yb isotope to be
approximated by scaling the hyperfine splittings by the ratio
of the nuclear magnetic moments of the isotopes [56].

The optical coherence times are already sufficient for use in
quantum applications and are promising from the perspective
of reaching transform-limited photons in a nanocavity setting.
The observed spin coherence properties show potential for use
in spin-wave quantum memories and for single rare-earth ion
qubits. In the linear Zeeman regime, the optical coherence
times are limited by the superhyperfine interaction in the ma-
terial. While a higher magnetic field regime was not available
for the experimental configuration at the time of measurement,
we expect the spin coherence times to increase with applied
magnetic field as we completely freeze-out the electron-spin
contribution. Further extension of the nuclear-spin coherence
time is predicted through the use of dynamic decoupling
techniques [7]. We note that the doping density used in these
measurements (100 ppm) is relatively high compared to many
of the materials used for REI quantum technologies. We
expect that by going to lower doping density samples we will
reduce the contribution from Yb spin-spin interactions and
observelonger optical and spin coherence times in the low-field
regime. Furthermore, by moving to lower temperatures, we
can hope to freeze-out the electron spins at lower magnetic
fields. While this work focused on the optical and nuclear-
spin coherence properties in the linear Zeeman regime, we
calculate that a zero-field ZEFOZ transition exists for one of
the ground-state transitions, which is expected to lead to an
enhancement of coherence [20,49]. This configuration would
also have the advantage of a strong electron-spin transition
between the ground states. Future studies are warranted to in-
vestigate the spin coherence properties of this material at lower



doping densities, temperatures, and different magnetic field
regimes.

In summary, we find that 1"'Yb*":YVO, is a promising
material for REI-based quantum interfaces, such as ensemble-
based quantum memories, microwave-to-optical transduction,
and single REIs in nanophotonic cavities.
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Optical spectroscopy and decoherence studies of erbium-doped Y3Al;04, at 1.5

microns

Thomas Lutz, Charles W. Thiel, Lucile Veissier, Philip J. T. Woodburn,
Rose L. Ahlefeldt, Paul E. Barclay, Wolfgang Tittel and Rufus L. Cone

nstitute for Quantum Science and Technology,
and Department of Physics & Astronomy,
University of Calgary, Calgary Alberta T2N 1IN4, Canada
2 Department of Physics, Montana State University,
Bozeman, MT 59717 USA

We report on the optical and magnetic properties of the 1.5 micron 4115/2 — 4I|3/2 transition of
erbium-doped Y3Al;012 at cryogenic temperatures for quantum information, photonic signal pro-
cessing, and spectral filtering applications. We measured the crystal field energy levels of the 4113/2
and 1,5 /2 states and characterized the linear and quadratic Zeeman shifts and thermal broadening
and shift for the lowest 4115,@ to lowest 4113/2 transition relevant for applications. Results and analy-
sis of the temperature and magnetic field dependence of the coherence lifetime and spectral diffusion
decoherence processes are presented. We compare these dependencies with a model that allows us
to identify the processes responsible for decoherence and spectral diffusion under different operation
conditions. We find that two processes limit coherence, spin flip-flop processes at low magnetic fields
and direct phonon processes at high magnetic field. Furthermore, we find that unlike many other
Er®*-activated materials, the coherence lifetime only weakly depends on the crystal orientation for
the conditions studied here, suggesting that this system is well suited for applications using powders
or transparent ceramics where the individual grains are randomly oriented. Overall, the narrowest
linewidth observed is 6.5 kHz at a temperature of 1.6 K and a magnetic field of 6 T. Finally, we
show that the inhomogencous linewidth can be increased from 8 GHz up to 255 GHz in the mixed
garnet Yy 5Lu; 5Al5012 material, providing a significantly larger bandwidth for applications that

employ spectral multiplexing.

In addition to traditional luminescence applications,
rare-earth-ion-doped materials are one of the leading
physical systems in the fields of photonic signal process-
ing [1-3] and quantum information[4-7]. They are par-
ticularly attractive due to their long optical coherence
lifetimes and the ability to spectrally tailor their inho-
mogeneously broadened absorption lines. For example,
atomic frequency comb based quantum memories as well
as classical RF spectrum analyzers rely on the ability to
create high finesse frequency gratings within the inhomo-
geneously broadened absorption lines. These same prop-
erties also make them ideal candidates for ultra-narrow,
high-attenuation spectral filters [8-13] as well as optical
frequency references for laser local oscillators [14-17].

Of all the rare-earth ions, erbium is particularly ap-
pealing for applications because its 4I15/2 to 4113/2 tran-
sition occurs at 1.5 microns i.e. within the C-band of
current telecommunications technology. This would al-
low erbium-based devices to integrate seamlessly into ex-
isting telecommunications infrastructure. Consequently,
interest in developing erbium-based quantum informa-
tion processing technologies has grown rapidly in recent
years [4, 7]. However, no single erbium-doped material
can meet the requirements of different applications and
implementations. Therefore, it is essential to characterize
new materials to assess their suitability for different in-
formation processing approaches and to provide a diverse
toolbox of available materials. With this motivation, we

present a spectroscopic characterization of the promising
system erbium-doped Y3Al5015 (Er®*:YAG). While only
a few initial studies of coherence properties have been
reported previously, [1, 18] Er*t:YAG is a well-known
commercially produced laser crystal that is extensively
used in surgical and dental applications. The YAG host
crystal offers many desirable properties for photonic ap-
plications, and thulium-doped YAG has proven to be one
of the most successful systems for high-bandwidth signal
processing applications [1-3].

Most previous studies of Er®t:YAG have focused on
magnetism, [19, 20] laser applications, [21, 22] and crystal
field structure [23, 24]. Here, we carry out high-precision,
low-temperature measurements of the electronic struc-
ture of the *I;5/, ground and *I;3/5 excited Stark mul-
tiplets as well as the linear and quadratic Zeeman in-
teraction that affects decoherence mechanisms for the
lowest-to-lowest transition between these states. We also
present a detailed study and analysis of the magnetic field
and temperature dependence of the decoherence dynam-
ics for the lowest-to-lowest transition relevant to optical
and quantum signal processing applications.



CRYSTAL FIELD LEVEL STRUCTURE OF ‘I;5,,
AND L5/,

As the first step in characterizing Er3*:YAG, we mea-
sured the electronic structure of the 4115/2 and 4I13/2 mul-
tiplets. While there have been a number of past studies of
the energy levels in Er3T:YAG as well as fitting of crys-
tal field parameters, [18, 20, 23-30] there still remains
some disagreement in the literature between different re-
ported values for the positions. High resolution optical
absorption spectra were measured to determine the *I;5 /2
energy level structure and transition absorption coeffi-
cients «, while fluorescence spectra were measured to de-
termine the 4115/2 energy level structure and the relative
relaxation branching ratios 8 to each level from *I;3 /2-
All measurements were performed on a 0.1% Er3*t:YAG
crystal (Scientific Materials Corp., Bozeman, MT) held
in a Cryomech PT405 closed-cycle optical cryostat at a
temperature of 3.4 K measured at the crystal. The en-
ergy level structure of I 5 /2 was determined by exciting
the sample with a broadband tungsten-halogen lamp and
recording the fluorescence spectra using a SPEX1000M
spectrometer with 3 Ghz resolution and a liquid-nitrogen-
cooled germanium photodiode. The structure of 4113/2
was determined from absorption measurements using the
same tungsten-halogen source and an Advantest Q8347
optical spectrum analyzer with 900 MHz frequency res-
olution. A calibrated laser source was used to deter-
mine the absolute frequency of both the spectrometer
and spectrum analyzer. The resulting energy level struc-
ture is shown in Table I along with the values reported
in Refs. [18, 24, 26-28, 30].

EXCITED-STATE LIFETIME OF 4113/2

For applications that rely on long-lived optical coher-
ence, the transition between the lowest crystal field levels
of the 4115/2 and 4113/2 multiplets is of most interest since
higher lying energy levels generally decay rapidly through
spontaneous emission of acoustic phonons. Thus, when
an Er37T ion is optically excited to an upper level of 4113/2,
it relaxes to the lowest level 41,5 s2(Y1) on the timescale of
nanoseconds or faster, and then decays radiatively to all
15/2(Z;) levels over the timescale of milliseconds. The
excited state lifetime T; ultimately limits the maximum
coherence lifetime Ts through the relation Ty < 2T;.
The *I3/2 in Er**:YAG has previously been reported to
be 6.9 ms by Payne et al. [22] and 10 ms by Zhang et al.
[18]. The lifetime has also been previously measured for
the closely related mixed garnet Er3+:Y; sLuy 5Al;019,
where a value of 9.9 ms was reported, [31] suggesting that
the value in Er3T:YAG is necarer to the 10 ms indicated
by Zhang et al..

To determine the *I;5 /2 excited-state lifetime, we mea-
sured time-resolved fluorescence decays as well as spec-
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FIG. 1. Fluorescence decay and decay of spectral hole area
of the 4113/2 (Y1) excited state. Both experimental data sets
are fit to an exponential decay to extract the levels lifetime

tral hole decays at a temperature of 3 K. For the fluo-
rescence measurements, the diode laser was tuned into
resonance with one of the upper 41,3 /2 levels and gated
with an amplitude modulator to provide a short (< us)
excitation pulse. The resulting 1.5 um fluorescence decay
shown in Fig. 1 was detected using a fast (> MHz) ampli-
fied photodiode. Fitting the exponential decay indicated
a lifetime of 9.3 ms. To further verify the observed life-
time, we carried out time-resolved spectral hole decay
measurements. In particular, it is well known that fluo-
rescence lifetime measurements can give artificially long
values due to the effects of reabsorption of the resonant
fluorescence, an effect known as radiation trapping [32].
Consequently, one potential explanation for the discrep-
ancy between the results of Payne et al. and the results
of Zhang et al. and those reported here could be radi-
ation trapping. To investigate this possibility, spectral
hole burning techniques were also used since they have
been shown to be much less sensitive to radiation trap-
ping due to the frequency selective nature of the mea-
surement [33] For these experiments, a gated laser pulse
resonant with the Z; —Y 1 transition is used to prepare a
narrow spectral hole due to frequency-selective excitation
of Er3T ions into the excited state. After a fixed delay,
the change in spectral hole depth due to population relax-
ation is recorded by scanning the laser frequency across
the entire hole spectrum, mapping out the population
decay as a function of the readout delay. The resulting
exponential decay is plotted in Fig. 1, indicating a life-
time of 9.2 ms, in good agreement with the fluorescence
decay measurements.
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Hellwege 1966 [26] Zverev [27] Gruber [24] Devi [28] Zhang [18] Ter-Gabrielyan [30] This Work
“Tis/2 |0 0 0 0 0 0 0 0.063
26.6 23 22 22 22 22 22.6 0.67
58.4 60 60 61 61 61 61.1 0.009
78.8 8 80 79 - 79 79.6 0.043
422.8 426 417 417 - 418 417.8 0.137
436.1 433 432 430 - 425 431.3 0.004
530.1 527 - 526 - 527 526.7 0.039
574.3 572 574 573 - 573 574.0 0.036
4115/2 - 6549 6549 - 6549 6548 6547.5 2.48
- 65938 6599 - 6599 6598 6597.1 2.71
- 6603 6606 - 6606 6604 6603.7 3.68
- 6788 6786 - 6786 6785 6784.1 0.73
- 6807 6805 - 6806 6804 6803.6 2.20
- - 6883 - - 6823 6824.7 0.10
- 6887 6889 - 6886 6886 6883.6 1.27

TABLE 1. Crystal field levels of the ground *I;5,2(Z;) and excited state *I;3,2(Y;) multiplets in 0.1 % Er*T:YAG (in em™"),
including previously reported values from Refs.[18, 26-28, 30?7 |. The last column shows our measurements of the relative
strength of the transitions, with the branching ratio (i.e. the relative intensity I/Iso:) for the*Iys/5(Y1) — *I15/2(Z;) fluorescence
and the peak absorption coefficient in cm ™' for the’llls/z (Z1) — 4113/2(Y]-) absorption transitions.

>
>
40 0.1 % Er:YAG 3.5
Lorentzian Lineshape:
< v, = 196289.51 GHz
30} 1%ErYaG = 3.5cm’ 25
Lorentzian Lineshape: I,,= 837 GHz

v, = 196289.50 GHz
a,=33.3cm’
I',=8.32 GHz

N
o

-
o

Absorption coefficient (cm )

-20 -10 0 10 20

Frequency (GHz)

FIG. 2. Absorption spectrum of the 4115/2 (Z1) — 4113/2 (Y1)
transition in 0.1% Er:YAG and 1% Er:YAG at zero field and
3.4 K. The peak absorption coefficients are 3.5 cm™* (0.1%
Er:YAG) and 33.3 em ' (1% Er*T:YAG).

INHOMOGENEOUS BROADENING OF THE
*ns/2(Z1) — *Iiz/e (Y1) TRANSITION

The inhomogeneous broadening I';,;, of the optical
transition is a key parameter for optical signal process-
ing applications since it determines the maximum sig-
nal bandwidth that the transition may process as well as
the spectral multiplexing capacity of the material. Rare-
earth-ion transitions in YAG often exhibit large inhomo-
geneous broadenings of >10 GHz, [1] and the linewidth
for the Z; — Y, transition of Er3*:YAG has previously
been reported as 20 GHz by Zhang et al. [18] and 30

GHz by Sun [1]. Our measured laser absorption spec-
tra for both 0.1% Er’t:YAG and 1% Er’*:YAG are
shown in Fig. 2, revealing a much narrower inhomoge-
neous linewidth of only 8.3 GHz for both samples. Inter-
estingly, there is no measurable increase in the inhomo-
geneous linewidth with dopant concentration, indicating
that the strain caused by the dopant ion is not the domi-
nant broadening source even at the 1% doping level. The
transition has a center frequency of 196289.5 GHz and a
Lorentzian lineshapes with peak absorption of 3.5¢cm !
for the 0.1% crystal and 35 cm~? for the 1% crystal.

Because the inhomogeneous linewidth was significantly
narrower in this material than what was expected, we
also investigated approaches for increasing the linewidth
to meet the needs of potential spectral multiplexing ap-
plications. [34] It is known that the static strain in the
crystal lattice, and the resulting doping the material with
ions that have a large ionic radius mismatch with the
normal host constituents. [35] This approach has been
demonstrated for Tm3*:YAG by introducing Lu®* into
the lattice, producing >100 GHz of broadening when
the crystal is grown with equal amounts of Y3+ and
Lu3+. [36] Consequently, we examined the inhomoge-
neous broadening for the material Er3*:Y; sLu; 5Al5015
(Er34+:YLuAG). This material has also been previously
studied for Er3+:YAG laser applications to provide in-
creased gain bandwidths. [31] The absorption spectrum
of the Z; — Y, transition of 0.05% Er*t:YLuAG at 3
K is shown in 3. We find that the absorption is shifted
to higher frequency by 249 GHz and has a much broader
full-width at half maximum of 255 GHz, a nearly two or-
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FIG. 3. Absorption spectrum of the *Ii5,2 (Z1) — *Liz/2 (Y1)
transition in 0.05% Er®*T:YLuAG.

ders of magnitude increase relative to Er®+t:YAG. How-
ever, unlike Tm3T:YLuAG where the broadened absorp-
tion is smooth and exhibits no structure, [36] the transi-
tion in Er®T:YLuAG shows clear structure and appears
to be composed of at least five overlapping peaks with
individual widths on the order of ~100 GHz each. This
suggests that Er®t ions with different local distributions
of neighboring Y3+ and Lu®* are partially resolved in the
spectrum. A similar effect has been previously observed
for Cr3+ ions in YLuAG, [37] although not for Ce3* ions
in the same crystals [38].

THERMAL BROADENING AND FREQUENCY
SHIFT

The temperature dependence of the transition energy
and linewidth is important for spectral filtering and op-
tical frequency reference applications since it directly af-
fects the thermal stability of the system. [8-17] Conse-
quently, we measured the broadening and frequency shift
of the Z; — Y, transition in 1% Er®*t:YAG over a wide
temperature range of 3 K to 87 K, with the results plot-
ted in 4. The transition shifts to lower frequency by
only 18 GHz over this range, and the absorption line be-
comes homogeneously broadened for temperatures above
50 K. To describe the observed thermal shift and broad-
ening, we employ a simple semi-empirical model for the
effect of phonon excitation to upper crystal field levels in
15,2 and *I;3/5. For this direct phonon process, both
the frequency shift and broadening are proportional to
the occupation of the resonant phonon modes, resulting
in a shift with the form

a;
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FIG. 4. Observed thermal frequency shift (top) and thermal
broadening (bottom) of the 4115/2 (Z1) — 4113/2 (Y1) transi-
tion for 0.1% Er®*T:YAG.

and a broadening of

P(T> = Tinh + Z AL (2)

T err — 1

where the summations are over all crystal field levels
in both 4115/2 and 4I13/2 with energies A; relative to the
lowest level. [397 | Due to the relatively weak tempera-~
ture dependence observed in Fig. 4 and the large number
of potential resonant phonon frequencies, we find that
Egs. 1 and 2 describe the measured dependence well if
only a single effective phonon mode is used, as shown by
the solid lines in Fig. 4. Using this approach, we obtain
values of a = —82 GHz with A = 110 cm ™! for the fre-
quency shift, and b = 59 GHz with A = 130 em™! for
the broadening, where the values of A extracted from the
fitting represent empirical effective values.

LINEAR AND QUADRATIC ZEEMAN EFFECTS

The 4f'! configuration of Er?* ion has an odd num-
ber of electrons and therefore all electronic states must
be at least doubly degencrate in the absence of a mag-
netic field. For the Dy point symmetry of the Er3+ sites



in YAG, all other degeneracy is removed by the crys-
tal field so that when a magnetic field is applied, both
ground and excited state crystal field levels split into two
levels due to the Zeeman effect. As the field strength
is increased, mixing between crystal field levels further
shifts the energy levels, giving rise to the second order
quadratic Zeeman effect. The linear electronic Zeeman
shift in Er3*-doped materials is generally quite large for
the 4115/2 and 4113/2 states due to the large total angular
momentum, exceeding the inhomogeneous broadening at
relatively weak magnetic fields (around 0.1 T), while the
quadratic Zeeman effect tends to become important at
fields of a few Tesla for materials with typical crystal
field level splittings on the order of tens of cm™!. Conse-
quently, characterizing the linear and quadratic Zeeman
shifts is required before performing any other experiment
involving magnetic fields in order to identify the different
transitions observed and to predict the precise transition
frequency for a specific field magnitude and orientation.
Furthermore, measuring the Zeeman effect is also essen-
tial for understanding the strong magnetic dipole-dipole
interactions between Er3t ions and other ions or nuclear
spins in the lattice.

To characterize the Zeeman effect for the *1y5/5(Z1) —
*113/2(Y1) (lowest-to-lowest) transition, we measured the
absorption spectrum for different magnetic field strengths
and orientations. For these measurements, the sample is
cooled in an Oxford Spectromag cryostat, with spectra
collected at temperatures of 1.6 K with the sample in
superfluid liquid helium and 5.0 K with the sample in
a constant flow of He exchange gas. A superconducting
solenoid provides magnetic fields up to 7 T. In order to
record high-resolution absorption spectra, we use a tun-
able Newport velocity external cavity diode laser with
~ 200 kHz linewidth that is scanned between 1522 and
1530 nm at a scan rate of 5 nm/sec. We calibrate the scan
using a fiber Mach-Zehnder interferometer with a free
spectral range of 7.94 GHz. The absolute frequency of
the velocity laser is measured by observing a beat signal
with a second laser whose frequency is monitored using
a wavemeter (Burleigh WA-1500). Finally, the transmis-
sion through the sample is measured using a New Focus
NF 1811 photo receiver.

While the Er*Tions occupy a single crystallographic
site with Dy point symmetry in YAG, this site has six
magnetically inequivalent orientations related to each
other through the overall cubic symmetry of the crystal
as illustrated by Fig. 5. There are four transitions pos-
sible between the Zeeman-split ground and excited state
doublets for each site, and for an arbitrary orientation
of the magnetic field all four transitions are allowed in
all polarizations, yielding a maximum of 24 lines. How-
ever, particular orientations of the magnetic fields some
sites are magnetically equivalent (called site subsets or
subsites), which reduces the number of lines. A typical

absorption spectrum is shown in Fig. 6(b). Due to a
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FIG. 5. Diagram illustrating the relative orientation of the
six magnetically inequivalent sites in YAG that are occupied
by erbium ions. [40, 41]

(a) 411:1,‘: ¢A (b) 1
- © of 01%ErvAG |
B=25T &t
all N El: I
s[15| @ i
e 5 of
= 2 4 3 ;
a9 < I nt B
Mys/s H | : Wiy
2 Ay ofhwe! At it
-400 -200 0 200 400

Frequency (GHz)
B=0 B>0 ueney G

FIG. 6. (Splitting of the 4I15/2(Z1) 4 I3/2(Y1) transition
in a magnetic field. (a) Relevant energy level structure. The
degeneracy of both the 41'15/2(21) ground and 4113/2(3’1) ex-
cited state is lifted by the application of a magnetic field B,
leading to the appearance of 4 transitions for one site. (b)
Example absorption spectrum for B =25 Tand T = 1.6 K.
The magnetic field, as well as the light polarization were ori-
entated along the X axis of the crystal, X corresponding to
16 deg off the [-1-12] crystalline axis by a rotation about the
[1-10] axis.

faceting error, the crystallographic axes [112] and [111]
are rotated by 16 degrees about [110] from the crystal
faces of our 0.1% Er:YAG crystal, which was confirmed
by x-ray diffraction; These directions are labeled X, Z,
and Y respectively for convenience. Consequently, the
absorption spectrum in Fig. 6(b) is for the magnetic field
B oriented along the X-axis, where there are nearly 4
subsets of Er3T ions. Only eight transitions (marked with
dashed lines) of the expected 16 lines were observed. To
extract the Zeeman shift of the lines, the spectrum was
fitted by a sum of Lorentzian functions from which we
obtained the central position of each peak.
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Magnetic field strength dependence

We first varied the magnetic field strength B and fol-
lowed the Zeeman shifts. The results are shown in Fig. 7
for the magnetic field oriented along the X-axis (see def-
inition above). Four pairs of lines were identified in each
spectrum, where each pair is the set of spin-preserving,
or cross transitions for one of the two probed subsets.
The pairs are indicated on the figure by different colors.
The two transitions of a pair exhibit a symmetric split-
ting from the linear Zeeman effect, but the center of mass
is also shifted as the field increases due to the quadratic
Zeeman effect. The extracted linear and quadratic Zee-
man coefficients are presented in Tab. II.

For the D; point symmetry of Er®t in YAG, the linear
Zeeman effect for each electronic state is characterized by
a g-tensor with principle axes aligned along the [1 — 10],
[110], and [001] directions with corresponding values of
Ju, gy, and g., respectively. Ball et al. determined the
g-factor for the ground state to be g, , = 3.71, g4, =
7.75, and g, . = 7.35 [19]. Using those results, we could
determine the effective g-values for the four inequivalent
subsets when B | X: gg1 = 7.59 (site 1), gg2 = 5.43
(site 2), gg,3,5 = 5.11 (site 3 and 5), and gg4,6 = 7.62
(site 4 and 6). Because some g-values are close, as a
first approximation, we effectively grouped the ions in
two subsets: subset a (sites 1, 4 and 6) with g4, = 7.6
and subset b (sites 2, 3 and 5) with gg, = 5.3.

From the theoretical g-values in the ground state for
each subsets, we uniquely attributed each pair of lines to
a subset. Table II shows the averaged Ag corresponding
to each pair. This Ag value is equal to either g, + ge
in case of cross transitions or |g, — g.| in case of spin-
preserving transitions (see Fig. 6). Because only the red
lines in Fig. 7 have a Ag larger than g, , = 7.6, we could
determine that the red lines correspond to ions in subset
a with an excited-state g-value g, = 10 (see Table II).
In the same way we determined that the blue lines corre-
spond to ions in subset b with and excited-state g-value
gey = 0.7. These lines are cross transitions, while the
green and black lines correspond to spin-preserving tran-
sitions. From the green and black lines coefficients, we
could guess similar g. values, which confirm the validity
of our approximation.

While orientation dependent measurements and com-
plex fitting, as shown below, is required to fully char-
acterize the excited state g-tensor, the large magnetic
anisotropy revealed by our results for this magnetic field
direction allow us to place limits on what the maximum
values of the principle g-factor components can be. Be-
cause of the small value of ge;, we could estimate that
ge.x ~ 1 and g. . =~ 1 so that that the excited-state mag-
netism is dominated by the value of g, ,, which must be
much larger than the other two values (ge,, ~ 12). These
estimations provided a useful starting point for the anal-
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FIG. 7. Frequency shift of the eight lines observed on the
4115/2(21) — 4113/2(Y1) transition as a function of magnetic
field strength, for B || X. Each pair of lines, corresponding to
a set of spin-preserving or of cross transitions for a particular
subset, is represented by one color. The experimental points
are fitted by polynomial functions up to the second order
(solid lines). Parameters are given in Table II. Zero shift
corresponds to 1526.66 nm.

ysis of full orientation-dependent Zeeman measurements.

A quadratic shift of the optical lines was also observed.
Since the quadratic Zeeman shift corresponds to the dis-
placement of the crystal field levels, the 2 pairs of tran-
sitions for a subset of sites are expected to experience an
identical quadratic shift, but generally different than for
another subset. The fit parameters (see Table IT are given
with too large uncertainties to make a difference between
the two subsets and give a specific value to each of them.
However, our experimental data give the order of magni-
tude of the quadratic shift, which is about 2 GHz/T? in
average for this orientation. This quadratic shift proba-
bly comes from a quadratic displacement of the ground
state due to its interaction with the next crystal-field
level located at 22.6 cm~! above (see Table I).

Orientation dependence

In order to fully determine the linear excited state g-
tensor, we recorded absorption spectra for various orien-
tation of the magnetic field and keeping B = 1 T. The
magnetic field was rotated in a plane defined by the X
and Y axes of the crystal, nearly the [-1-12] and [1-10]
crystallographic axes. We extracted the the central po-
sition of each line, and Figure 8 shows the orientation
dependence of the shifts.

We first needed to identify the shifts we measured and
associate cach of them with a specific site. Thus, we
started with the first estimation of the excited state g-
tensor we got from the magnetic field strength depen-
dence and could see a rough overlap between the pre-
dicted line shifts and our experimental data. This is how
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pair |linear (GHz/T) |quadratic (GHz/T?)

averaged Ag|attributed g4 |deduced g.

red |+119.2 /-127.4 +3 /444 17.6 7.6 10
blue | +43.6 / -40.8 +0.8 / +2.4 6.0 5.3 0.7
green| +18.4 / -17.2 +3.7/ +1.5 3.7 5.3 1.6
black| 4+29.5 / -22.2| 429/ +1.75 2.5 7.6 10.1

TABLE II. Linear and quadratic Zeeman coefficients determined from Fig.7 for each pair of transitions (positive and negative
number) for B||X. From the linear part we calculated an averaged Ag that can be equal either to g, + ge or |g, — ge| for
respectively the cross and spin-preserving transitions. We attributed g, values to each pair of transitions and deduced the ge

values for the excited state doublets. See main text for more details.
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FIG. 8. Shifts of the optical transitions as a function of the magnetic field orientation for B = 1 T in 0.1% Er:YAG. The
magnetic field was applied in the X-Y plane, where X corresponds to the crystalline axis [-1-12] rotated by 16 deg about [1-10]
and Y corresponds to [1-10]. The rotation of the magnetic field was about the Z axis of the crystal, Z corresponding to the
crystalline axis [111] rotated by 16 deg about [1-10], and @ = 0 corresponding to B along X. We observed various lines that
we identified to originate from site 1 (blue), site 2 (red), site 3 (purple), site 4 (green), site 5 (orange) and site 6 (cyan).
Experimental data were taken at 1.6 K (dots) and at 5.0 K (stars). The lines (solid for spin-preserving and dashed for cross)

represent our fit, which gives us the components of the excited state g-tensor (see main text).

we obtained four data sets per site. Then, we performed
one high-dimensional fitting of all the data sets, with
the only 3 free parameters being the principal g-values
of the excited state g-factor. The fit gave: g., = 0.66,
Gey = 12.67, g.. = —3.86 x 107°. These values were
finally confirmed through comparisons of Zeeman hole
burning spectra along each crystal face to the predicted
energy shifts of site.

Hole burning spectra

We used spectral hole burning in order to probe the
excited state Zeeman structure and therefore verify the
results of the orientation dependence fit. In a spectral
hole burning sequence, a strong and spectrally-narrow
laser burns a hole in the absorption profile, which is then

probed by a weak frequency-scanned pulse. As shown
in Figure 9, because of the lack of ions in the ground
state for this class of ions, the probe pulse experience less
absorption also when it is detuned by the excited-state
splitting A.. This is often called a sidehole. This phe-
nomena can be observed when A, remains smaller than
the inhomogeneous broadening, i.e. for small magnetic
fields. Here, the ground state structure is not considered
because of the fast relaxation rate that erases any pop-
ulation difference within the two Zeeman levels in the
ground state. Therefore, this method allows one to ob-
serve without ambiguity the excited state structure. As
shown in Figure 10, we measured hole burning spectra as
a function of the magnetic field strength for B || X, Y,
and Z. For each orientation, we simulated the position
of the sideholes at +£A, for all sites using the g-tensor
obtained above from the orientation dependence fit. In
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FIG. 9. Scheme of spectral hole burning with structured
excited-state. First, a strong burning pulse excites ions which
are on-resonance, creating a spectrally narrow hole in the
absorption profile. In a second step, the frequency-scanned
weak probe pulse experiences less absorption when it is on
resonance with the first burning pulse, but also when it is
detuned by the excited state splitting A, because of the lack
of ions in the ground state. The later is called a sidehole.

Figure 10, the dashed lines represent the center of the ex-
pected sideholes, after applying a correction rotation of
the magnetic field orientation of less than 10 degrees. De-
pending on the orientation, we observe a different num-
ber of site subsets. Overall, the agreement between the
measured and the calculated positions of the sideholes is
good. This confirms the g-tensor for the excited state
given by the orientation dependence fit.

OPTICAL COHERENCE LIFETIME
MEASUREMENTS

The large magnetic moment of Er®t in solids means
that it is very sensitive to changes in its magnetic envi-
ronment. In the context of coherence lifetime, this means
that optical transitions in Er3T are strongly influenced by
perturbations in their local environment, e.g. spin flips of
neighboring Er3* ions. In assessing an Er?* material for
information processing applications, it is vital to under-
stand the decoherence and spectral diffusion. Therefore,
we study the behavior of the coherence properties of the
*Lis2 (Z1) = *Ligpe (Y1) transition of Er*":YAG with
varying magnetic field strengths and temperatures using
two-pulse photon echoes [42]. Photon echo measurements
on this transition in 0.1% Er3*:YAG have been previ-
ously reported by Zhang et al. [18] where very short
coherence lifetimes of only up to 50 ns were found for an
applied field of 100 G. Very little variation in coherence
time was observed for temperatures ranging from 1 K
up to 7 K. Sun [1] also reported measurements for much
higher applied fields of up to 4 T, finding non-exponential
coherence decays with coherence lifetimes as long as 80
us observed.

For the measurements reported here, transition num-
ber 1 in Fig.7 was chosen since the corresponding subset
of ions has the smallest Zeeman splitting for the X field
orientation and can therefore be expected to have a lower
sensitivity to spectral diffusion caused by the magnetic
fluctuations in the crystal. To investigate this transi-
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FIG. 10. Hole burning spectra exhibiting sideholes at the ex-
cited state splitting for magnetic fields between 0 and 10 mT
and for 3 orientations: (a) B||Y , (b) B|| Z, and (c) B || X
in 0.1% Er:YAG. The experimental data are shown together
with the theoretical position of the sideholes, predicted by the
excited state g-tensor obtained by the orientation dependence
fit, after applying a correction rotation of the magnetic field
orientation of less than 10 degrees.

tion we use a tunable diode laser amplified by an erbium
doped fiber amplifier (ILX Lightwave LDC3700B or Op-
tilab EDFA-1-23-B) cascaded with a semiconductor opti-
cal amplifier (Thorlabs SOFC1004P). This configuration
provides roughly 100 mW of optical power. The contin-
uous wave laser is then amplitude modulated using an
acousto-optic modulator in order to create the necessary
pulses. The light is focused onto the crystal in the cryo-
stat and the transmitted light as well as the emitted echo
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FIG. 11. Example of a typical two pulse photon echo decay
at B=6Tand T =1.6 K.

are detected using a New Focus 1811 photoreceiver. For
this measurement the magnetic field and the light polar-
ization are both oriented along X, with the light propa-
gating along the Z axis. The laser was centered on the
appropriate transition using the Zeeman characterization
data presented in the previous section.

Due to spectral diffusion, all our measured echo decays
are non exponential. We thus use the empirical descrip-
tion proposed by Mims [43] to fit our data and to extract
the effective memory time T, and effective homogeneous
linewidth I'gpp = 1/7T .

I(t12) = Ipexp {72 (%)n} (3)

Here m is the so called Mims exponent determining
the shape of the decay. The echo decay for B =6 T and
T = 1.6 K that shows the longest coherence time of 50
ps (i.e. Tepp of 6.5 kHz) is presented in Figure 11.

To investigate the processes causing spectral diffusion
and to find optimal operation parameters, we measured
effective linewidth at fields between 0.7 and 6 T and tem-
peratures between 1.6 and 3.5 K. The measurement re-
sults are summarized in Figure 12.

To determine the underlying processes limiting the co-
herence properties, we adapted a model developed by
Béttger et al. [44] for Er3T:Y,Si05 to fit our data ob-
tained with Er®*:YAG. According to this model, the ef-
fective linewidth can be written as

T'spR

—20) + 24/I'3 + Lol

Lo is composed of the homogeneous linewidth Ty with-
out spectral diffusion and of additional broadening I'gp,
caused by interactions between Er®t ions. The latter has
a full width at half maximum

Feff(Br T) = (4)

: B
TSD(BTT) = Iﬂmax SCCh2 (M) ,

2kpT (5)
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FIG. 12. a) Magnetic field dependence of the effective homo-
geneous linewidth, b) temperature dependence of the effective
homogeneous linewidth.
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FIG. 13. (a) Magnetic field and (b) temperature dependence
of the spectral diffusion rate (see Eq. 6).

where ['yax 18 the maximum broadening due to the mag-
netic dipole-dipole interaction, genyupn B is the splitting of
the two Er®t spin states, and the second part of Eq. (5)
describes the suppression of spectral diffusion at high
magnetic fields due to the increased magnetic ordering.

Spectral diffusion occurs at a rate R characterizing the
relaxation of the perturbing Er®t spins, and which is
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Parameter | Value

I'o (1.75 + 0.3) kHz
Tiax (880 =+ 2) kHz

ab (2.11 + 0.2) kHz/T®
o (105 + 16) kHz

ar (2.7 + 0.5) Hz/K°®

TABLE III. Parameters for transition 1 (see Fig. 7), extracted
from the fits to the two pulse photon echo experiments of

Fig. 12.
given by

: 5 genv,uBB
B, T)= 3 BPcoth | X ——
R( ’ ) QD YJenv cot ( 2% T )

Jernv BB 9
-sech | =& —— T .
+ ot sec ( T ) + agr (6)

We assume that three processes, described by the differ-
ent terms in Eq. 6, are causing the Er3t spin flips, which
in turn lead to spectral diffusion. Each process has a
characteristic magnetic field an temperature dependence.
The first term with coefficient ap describes broadening
resulting from direct phonon processes in which spins are
flipped by the interaction with a resonant phonon of the
lattice. This process dominates the rate at high fields.
The second term with coefficient o describes the so-
called flip-flop process in which two neighboring Er?*
ions in opposite spin states exchange their spin orienta-
tion. This process is dominant at low fields. Finally,
the last term describes the off-resonant Raman process
in which two phonons cause a spin-flip via a transition
to a virtual, higher lying, e.g. crystal field, level. The
contribution of this process increases very rapidly with
temperature.

Using a two dimensional fit, we fit this model simulta-
neously to the measured magnetic field and temperature
dependence of T'e. This allows us to quantify the spec-
tral diffusion and to determine the relative importance
of the different processes. The extracted parameters are
given in Table III, and the corresponding magnetic field
and temperature dependencies of the rate are shown in
Figure 13.

From these values and the fits plotted in Figures 12
(a) and (b) and 13, one one can see that similarly to
many other erbium doped materials [44, 45] mainly two
processes drive spectral diffusion. At low magnetic fields
flip flop processes dominate. However, they are strongly
suppressed even at intermediate fields of around 1.5 T.
As the magnetic field is further increased, the direct
phonon processes start to take over, giving rise to a
local maximum of T'eg around 2.5 T. Finally, at fields of
around 5 T the increasing amount of spin polarization
almost completely suppresses spectral diffusion. This
spin polarization at high fields arises from the fact

o
35 . . * .
30F ® o o o o
~25F
N
= 20F
5
15 Rotation in the Y-Z plane
10F angle measured towards Y
5 -
G L 1 L L 1
0 20 40 60 80

O (degrees)

FIG. 14. Orientation dependence of the measured homoge-
neous linewidth at a field of 2 T and 1.6 K for fields in the
Y-Z plane (relative to B||Z at zero degrees) . Error bars are
smaller than the size of the data points.

that at high fields the resulting Zeeman splittings are
so large that at the given temperature (1.6 K), no
phonons that can cause spin flips are available. From
the temperature dependence one can see that Raman
processes only contribute at temperatures above around
3 K. At all lower temperatures the linewidth is limited
by the direct phonon process. Overall we note that the
obtained values for I'g and I',,q, in 0.1% Er:YAG are
very similar to the ones obtained for 0.005% Er:Y,SiOj
[44], even though the doping concentration is different
by two orders of magnitude. However, we observe faster
spectral diffusion rates in Er*t:YAG.

Besides the magnetic field and temperature, the orien-
tation of the crystal with the magnetic field often affects
the observed coherence properties since the sensitivity of
the Er®™ ion to the magnetic environment is orientation-
dependent. To study this, we looked at I'gg for transition
1 in Figure 7 for different orientations of the magnetic
field. To determine if an optimal orientation indeed ex-
ists, the crystal was rotated in the field around X from
the Z direction to the Y direction. Since the selection
rules allow all transitions regardless of the orientation of
the electric field, we do not rotate the electric field with
the crystal. The orientation dependence, shown in Fig-
ure 14, is measured at 2 T and a temperature of 1.6 K.
Furthermore, we only monitor the transition that gives
rise to the longest coherence time since our objective is
to find optimal operation parameters for the material.

The optimal coherence properties are achieved with the
magnetic field along Y ie. at 90 degrees. However, from
Figure 14 one can see that there is no significant depen-
dence of the homogeneous linewidth on the orientation
of the magnetic field. Its overall value only varies by 20
%. Note that many more orientations of the magnetic
and electric fields are possible and might lead to better
properties. Further studies in crystals with different cuts
will allow us to determine it.
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FIG. 15. Spectral diffusion measurements on line 2 of the
1572(21) — 4113/2(Y1) transition using three-pulse photon
echoes. a) Homogeneous linewidth as a function of ts3 for
various B fields. b) Dependence of the spectral diffusion rate
R on the B field, fitted using Eq. (6). ¢) Dependence of the
spectral diffusion linewidth I'sp on the B field, fitted using
Eq. (5).

SPECTRAL DIFFUSION AT LONG TIMESCALES

The two-pulse photon echo measurements above pro-
vided a way of studying the spectral diffusion dynamics
on short timescales, of the order of the memory time
Ty- Understanding the effect of spectral diffusion on
the homogeneous linewidth over long timescales, compa-
rable to the optical excited state lifetime, is also impor-
tant for some applications such as AFC quantum memo-
ries or optical radio frequency spectrum analyzers, which
rely on narrow lines over long timescales. We use three
pulse photon echo measurements in order to access those
timescales. Using this technique a frequency grating is
created within the inhomogeneous absorption line by the
first two 7/2 pulses separated by a delay t15. A third
pulse then probes that grating after a time t93 and an
echo is emitted at a time t15 after this third pulse. In
our three pulse photon echo experiments, we record t
decays for various to3. The decay of the echo intensity is
fit using equation 3. This allows us to extract the effec-
tive homogeneous linewidth at various #25. Note that this
time we monitored a different transition (labeled 2 in Fig-
ure 7). The t23 dependence of the homogeneous linewidth
for various magnetic fields is shown in Figure 15. One can
see that almost regardless of the magnetic field, signifi-

Parameter | Value

Mmax (519 + 137) kHz
Geny (3.6 + 0.5)

ap 0 kHz,/T®

ag (154 £ 79) kHz
ar (2.6 + 2) kHz/K®

TABLE IV. Spectral diffusion parameters extracted from the
fits to the three pulse echo data for transition 2 shown in
Figure 7.

cant spectral diffusion sets in at around 10 ps. However,
the overall magnitude and maximum broadening depends
strongly on the magnetic field. To extract the spectral
diffusion rate R(B), shown in Figure 15 b), as well as the
broadening through spectral diffusion I'gpy(B) (Figure 15
¢)), we fit a generalized form of equation Equation 4 [44]

3 I'spR
ff — =
¢ —2a + 2+/a? + 2b/7

1 .
a=1y+ EFSD“ — eiRTZJ)

1

to our experimental data. We then fit this data to Eq. (6)
and Eq. (5) respectively. From these fits we extract the
maximum spectral diffusion linewidth [',,,,., the average
g-factor of the surrounding spin bath as well as the coefli-
cients for the processes contributing to spectral diffusion,
shown in Table IV.

One can see, that although this is a different transition,
the value for the maximum possible linewidth I',,,, and
the coefficient of the flip flop process a sy are very close
to the values for transition 1 in Fig 7 measured using
two pulse echoes. However, for transition 2, we cannot
see any contribution from the direct phonon process to
spectral diffusion. The spectral diffusion rates (Figure 15
inset) do not increase at high magnetic field which would
be the case if there was any significant direct phonon
process present. Compared to transition 1, this should
result in narrower linewidths at intermediate magnetic
fields; however, the optimal linewidth of this transition
is not significantly narrower.

CONCLUSION

In this paper we quantified the linear and quadratic
Zeeman shifts in of the lowest-to-lowest transition be-
tween the 4I15/2 ground state and the 4113/2 excited state
in erbium-doped YAG. We also measured coherence life-
times at various magnetic fields and temperatures and
investigated the importance of spectral diffusion in the
material. We found that two processes are limiting co-
herence, flip-flop processes and direct phonon processes.
The relative importance of both depends on the transi-
tion that is investigated. In addition, we found that the
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coherence lifetime in our material is only weakly orienta-
tion dependent which might be of advantage for applica-
tions and materials such as powders or ceramics, in which
a deterministic orientation is not possible. Overall, the
narrowest observed homogeneous linewidth in erbium-
doped YAG was 6.5 kHz.
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ABSTRACT ARTICLE HISTORY
High-quality rare-earth-ion (REl) doped materials are a prerequisite for many applications such as Received 26 September
quantum memories, ultra-high-resolution optical spectrumanalyzers and information processing. 2015

Compared to bulk materials, REl doped powders offer low-cost fabrication and a greater rangeof ~ Revised 5 January 2016
accessible material systems. Here we show that crystal properties, such as nuclear spin lifetime, are ~ Accepted 23 January 2016
strongly affected by mechanical treatment, and that spectral hole burning can serve as a sensitive KEYWORDS

method to characterize the quality of REl doped powders. We focus on the specific case of thulium
doped Y3Al;01, (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

Rare earth ion doped
powders; powder
processing; powder
synthesis; annealing;
spectral hole burning

other impurities and other crystals, including color centers in nano-structured diamond.

Rare-earth-doped materials
(Tm:YAG)

Fabrication methods

sol-gel synthesns

treatment
| (annealing)

SEM_ Characterization

L nuclear spin lifeime|

020, X-ray
E poost acton success
Rics
R 2000, <
o 3
L
0!
SNDITNBRNOTNS
Oegrees.
S A
302 [\ spectral 6
2020 /1 hole
o [ \buming 3
s £ 3
008 ™ \

N W 0 W P X
Outnng (Woez}

1. Introduction

Rare-earth-ion (REI) doped bulk crystals cooled to
cryogenic temperatures are used for a multitude of
applications. Examples are quantum memories [1],
quantum information 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 nanofabrica-
tion of devices from these materials [4-7]. However,
despite much effort [8-11], producing monodisperse
powders with properties comparable to those of bulk
materials remains challenging.

Fabrication or manipulation of REI doped powders
can induce stress, especially during grinding or milling,
that creates strain in the crystal lattice [12,13]. In addi-
tion, impurities can contaminate the host matrix during

synthesis. Strain and impurities often significantly im-
pact the performance of the powders in both signal pro-
cessing 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 syn-
thesized chemically or milled down from larger crys-
tals using either high-energy planetary ball mills or
low-energy tumbling mills. We used scanning elec-
tron microscopy (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 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
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Figure 1. (@) 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 afit (red line).

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 characteriza-
tion tool, complementing traditional techniques such
as XRD, SEM or Raman scattering. Our results also
demonstrate that mechanical 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,

2. Experiment

2.1. Tm:YAG

Our investigations employ crystalline Yz AlsO1; doped
with thulium impurities (Tm:YAG), whose relevant elec-
tronic level structure is shown in Figure 1. Under an
external magnetic field, both the *Hs ground state and
the >H, excited state split into two non-degenerate
states through the hyperfine interaction with the 1%°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 nuclear spin states.

The 20 GHz wide inhomogeneously broadened line
of the >Hys <> 3H, transition in Tm:YAG is centered
at 793.156 nm [14]. The samples were mounted in an
Oxford Instruments Spectromag cryostat (Oxford Ins-
truments: Abingdon, UK) and all powders were held
in unsealed glass cuvettes. All samples were 0.5mm
thick, and, for the nominal Tm concentration of 1%,
featured an optical depth of ~21. 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 1.6K and the
applied magnetic field was set to 1 T

2.2, Spectral hole burning

To assess the quality of different powders, we used per-
sistent 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
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 Tiisapphire laser
(Coherent Inc.: Santa Clara, California, USA) emitting
atawavelength 0f 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 proper-
ties, 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 >90dB,
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
(New Focus: Santa Clara, California, USA) was used to
detect the transmitted light.

2.3. Bulksingle crystal reference

First, as areference against which we compare the prop-
erties of our Tm:YAG powders (the different meth-
ods used to create these powders are described below),
we assessed the properties of a 1% doped Tm:YAG
crystal from Scientific Materials Corporation (SMC)
(Scientific Materials: Bozeman, Montana, United States)
(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 h [16]. Furthermore, as shown in Figure 1(b),
the observed spectral hole width was limited to 6 MHz
- much wider than the intrinsic kHz-wide homoge-
neous linewidth of Tm:YAG [17] under these condi-
tions — primarily due to power broadening effects. The
figure also shows clear side holes, split by 10 MHz T~!
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Table 1. Hole widths (I") (bold fonts indicate visible side holes), and lifetimes (T,) of all measured materials at 1.6 Kand B=1T.

*ball milled.

: Size r T,
Material [um] [MHz] [m?n]
SMCbulk 6 300-960
SMC thermal crushing 500 < 10 60
annealed 500 = 10 420
SMC low energy BM* <0.1 28.6 20
annealed <1 1.2 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

& In addition, we performed SEM imaging and pow-
der XRD analysis to further characterize each sample.
Example powder XRD spectra are shown in Figure 2
for a selected subset of our samples. The spectra were
obtained with a Scintag Inc X-1 Advanced Diffraction
dy | i System (Acintag Inc.: Cupertino, California, USA). We
5 :)J L 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
S for some samples. Differences in peak heights can be
c

S |b) L assigned mostly to sample preparation issues, while
n? @ : additional peaks correspond to the presence of residual

= amounts of impurity phases [19].

JCPDS # 33-0040
| | | 3.1. Crushing and ball milling
I | ; | ol I ol ]

15 19 23 27 31 35 39 43 47 51 55
Degrees

Figure 2. 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.

and caused by super-hyperfine coupling between the
thulium ions and the nuclear spin of the 27 Al present
in the host matrix [15,18]. Because powders are com-
posed 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.

3. 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 1.

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 ~ 5mm until all were in the
few millimeter or smaller size range. We then ground
the small pieces in a mortar and pestle to produce a
powder composed of crystallites with sizes of less than
0.5mm. With spectral hole burning spectroscopy, we
measured a hole width of < 10 MHz, limited by power
broadening. Side holes due to superhyperfine coupling
with 27 Al nuclear spins were still resolvable, as in the
bulk material. The spin lifetime was on the order of
1h - significantly shorter than the values obtained in
the bulk material at the same temperature and mag-
netic field. Since this powder originated from a bulk
crystal whose properties were well characterized, and
was composed of relatively large particles of &~ 0.5mm
size that had been ground only for a short time, it is
unlikely thatany change in chemical composition or in-
diffusion of impurities could have occurred (as might
be a factor for much smaller particles when processed
using high-energy methods). The only explanation for
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Figure 3. SEM images and typical hole burning spectra of the
powder obtained after ball-milling the bulk crystal from SMCfor
two days. (), (0 before, and (b), (d) after annealing at 1400°C
for4h.

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 start-
ing material, we produced a smaller powder using a
low-speed tumbling mill The Tm:YAG powder was
dispersed in ethanol and milled for 48 h using a mix
of zirconia balls with sizes ranging from 1 mm to 1 cm.
Figure 3(a) shows an SEM image of the obtained pow-
der. Theaverage size of theirregular particleswasbelow
100 nm. The XRD spectrum, shown in Figure 2(c)
displays the expected Y AG structure with no observable
peakbroadening or amorphous background. A spectral
holeburningtrace, shown in Figure 3(¢c), revealed ahole
width of 28.6 MHz. The hole was about five 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 sideholeswerevisible,
which was expected since their splitting (10 MHz at

B =1T) is less than the spectral hole width. Moreover,
we found a further reduction of the spin lifetime to
20 min. 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 two
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 sys-
tem (TLS) model first developed to describe dynamic
disorder modes in amorphous materials [20,21]. These
very low-frequency modes are enabled by the disor-
dered structure and involve groups of atoms tunnel-
ingbetween local configurations with nearly equivalent
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
decoherence 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 nu-
clear spin relaxation [26-28]. 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*t doped
into bulk YAG crystals with greater densities of struc-
tural defects in the lattice [29].

3.2. Effects of annealing

Next, we investigated to what degree annealing of the
powders can repair the induced damage. After we con-
firmed that low annealing temperatures around 600°C
were unable to improve material properties, and since
higher temperatures generally lead to better properties
[30], weannealed both the 0.5 mm and the 100 nm pow-
ders at our highest accessible temperature of 1400°C.
The annealing was performed for 4h in an oxygen
atmosphere (using a tube furnace) to minimize the out-
diffusion of oxygen from the YAG matrix. The 0.5mm
annealed crystals appeared unchanged under the SEM.
The spin-statelifetime improved significantly to 7 hand
became comparable to that extracted from measure-
ments on the bulk This suggests that 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 3(b), reveals that the size of the par-
ticles increased to around 1pum. The particles were
almost spherical, with close to uniform size distribu-
tion, 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 2(d), shows no significant change compared to
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Figure 4. (a) SEM image of the 1% Tm:YAG powder provided
by Crytur, and typical hole burning spectrum (b) before and (0
after annealing.

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 an-
nealing for this powder. Indeed, the hole burning spec-
trum in Figure 3(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 h. 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 temper-
atures closer to the melting point, will lead to further
improvements.

3.3. 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 under-
stand this surprisingly large effect, and to determine
the degree to which damage can be 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 frag-
ments were then pre-crushed using a mechanical jaw
crusher and finally milled down to a size of 30-50 um

Figure 5. SEM image of the 1% Tm:YAG powder after 4h of
high-energy planetary ball-milling.

in a tumbling mill. The resulting powder was cleaned
using mineral acids.

First, we characterized the “as purchased” micro
meter-sized Crytur powder using SEM, XRD, and SHB,
as shown in Figures 4(a), (b), and 2(b). The SEM image
reveals that the powder has sharp edges and few parti-
cles with dimensions below 30 jum. 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 em-
ployed 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 4(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 4(c)), 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 in a Czochral-
ski 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 prepa-
ration 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 ballmillto
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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 Cry-
tur, and milled the powder for 4 h using 1 cm-diameter
balls in a high-energy ball-mill. The SEM image in
Figure 5 showed that the particles were not agglom-
erated and on average about 2 um large. This is the
smallest average size we could achieve using this mill
with balls of that size. Figure 5 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
10min - 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.

Finally, we employed a low-energy tumbling mill for
48 h 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 Figure 3(a) and (¢)).

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
100nm to 1 pm, 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 pow-
der), which might be explained by a larger number of
defects or impurities in the original bulk crystal from
which the Crytur powder was obtained.

3.4. Direct chemical synthesis

Apart from milling larger crystals, small-sized pow-
ders 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 there-
fore examined the performance of a 1% Tm doped
YAG powder that was prepared using a co-precipitation
method [31-33]. This 1% Tm:Y AG powder was synthe-
sized from starting materials with at least 99.9% purity.
An aqueous nitrate solution was prepared by dissolving

Figure 6. SEM image of the synthesized 1% Tm:YAG powder.

Tl‘n(NOg)g % 5H20, Y(N03)3~ 6Hzo, and AI(NO3)3 %
9H, O with a molar ratio of 0.03:2.97:5 in HPLC-grade
water. The precipitant solution was prepared witha1 M
concentration of aqueous ammonium bicarbonate and
~1 mM concentrations of sodium dodecyl sulfate and
polyethylene glycol 400 added as anionic and nonionic
surfactants, respectively. The solutions were mixed by
stirring for 1 h 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 deion-
ized 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 subsequently
drying the precipitateat 300°C for 4 hand 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 h in air. Analysis of
the resulting powder using XRD, shown in Figure 2(a),
revealed complete 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 2(b)). An SEM image of the synthesized 1%
Tm:YAG powder is shown in Figure 6, revealing that
it consisted of uniform, non-agglomerated crystallites
with diameters of 500nm to 2 um that exhibited the
characteristic dodecahedral crystal habit of the garnets.

Although the XRD and SEM results for the synthe-
sized powders appeared promising, spectral hole burn-
ing 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 min. Hence, the properties of the synthesi-
zed powder were significantly worse than the proper-
ties of all of the powders obtained using the top-down
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ball-milling approach. We expect that the poor perfor-
mance of the synthesized crystallites may result from
residual chemical impurities that can cause lattice strain
from incorporation of the defects as well as the pres-
ence of paramagnetic impurities such as iron that can
couple to the Tm’T ions and induce nuclear spin rel-
axation and optical decoherence. Consequently, fur-
ther studies are required on powders synthesized from
higher-purity starting materials to investigate whether
the properties show improvement and how they com-
pare to powders of similar purity obtained from top-
down fabrication.

4, Discussion of different characterization
methods

The three methods used in this work, SEM, XRD and
SHB, complement each other as they provide informa-
tion about different aspects of the nanocrystal proper-
ties. 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 particles, 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 by chemical synthesis
exhibits the characteristic dodecahedral crystal habit of
YAG (see Figure 6). 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, theycan
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 notable to observe the amorphous components or
crystal strain that was clearly observed in our SHB mea-
surements. 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 popula-
tion 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 mea-
surements 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.

5. Conclusions and outlook

In summary, we studied properties of 1% Tm:YAG
powders produced by different methods via SEM imag-
ing, 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 perfor-
mance, such as luminescence efficiency and thermal
quenching of phosphors.
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ABSTRACT

Optical coherence lifetimes and decoherence processes in erbium-doped lithium niobate (Er>*:LiNbO3)
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
employed for samples with longer coherence lifetimes and larger signal strengths, while time-delayed
optical free induction decays were found Lo work well for shorter coherence 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 coherence decay
shows that paramagnetic materials such as Er**:LiNbO; 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 [rom
mechanical treatment when grinding powders from bulk samples, leading to the appearance of amor-
phous-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.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

light, as well as its high refractive index that can be readily
modified to enable optical waveguide applications [11-13|. The

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 [1-7].
Erbium-doped lithium niobate (Er**:LiNbOs3) features a wide, in-
homogeneously broadened transition within the C-band of the
current telecommunication infrastructure [8|. This is desirable for
high-bandwidth applications such as quantum memories [9] or
classical information processing devices, e.g. pulse ordering 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

* Corresponding author.
E-mail address: lucileveissier@u-psucd.fr (L. Veissier).
! Laboratoire Aimé Cotton, CNRS-UPR 3321, Univ. Paris-Sud, Bat. 505, F-91405
Orsay Cedex, France

optical coherence properties of the 1.5 pm transition of bulk Er’*:
LiNbO; crystals have also been studied for optical signal processing
and quantum information applications [1,7,14-17], 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 im-
plementation and integration of many optical components. Na-
nofabrication tools such as chemical etching [18,19] and focused
ion beam milling [20] are already available and numerous nano-
scale devices have been fabricated specifically from LiNbOs. Fur-
thermore, employing LiNbO; crystalline 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 hetero-
geneous photonic structures and components [23]. As fabrication
techniques are refined further, additional improvements may be
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achieved by employing micron-sized ridge waveguide structures,
such as for enhanced optical frequency conversion [24]. Nanos-
tructured LiNbO; is of interest for diverse applications such as
nanocrystals for in situ biological imaging [25] or nano-wires for
directional optical second-harmonic generation [26] and enhanced
pyroelectric 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 na-
nofabrication of optical materials [29,30], little is known about
how fabrication processes affect the spectroscopic properties of
resonant impurities in the host, such as rare-earth ions. Many
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 applications 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 introduction of glass-like two-level system
(TLS) dynamics in the powders [31-34]. 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 [35-37]. Following
the pioneering demonstrations of photon echo measurements on
highly scattering powders [38], optical coherence properties ap-
proaching those of bulk crystals have recently been demonstrated
in Eu:Y,03 nano powders, confirming that there is significant
potential to improve these and other nano-materials [39]. In ad-
dition, long optical coherence times have been reported for micro-
fabricated structures in Nd:Y,SiOs crystals, again suggesting that
at least some systems and fabrication methods can produce
properties suitable for practical applications [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 coherence
lifetimes in micro- and nano-sized powders of Er’**-doped lithium
niobate. The greatest challenges in carrying out these studies in-
volve 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 ex-
ternal magnetic field and light polarization, which crucially in-
fluence the spectroscopic properties. In addition, we find that the
bulk crystal properties degrade significantly with any mechanical
processing used to obtain micro/nanocrystals. Therefore, techni-
ques with a very large measurement dynamic range are necessary.

As a primary goal, our study seeks to probe the thresholds
where low-energy mechanical processing methods begin to de-
grade the optical coherence properties and to what extent the
effects might be reversed by high-temperature annealing. In-
vestigating micron-sized crystals allowed us to probe this
threshold region and get a better understanding of the mechan-
isms responsible for degraded properties when the particle size is
reduced, down to the nanoscale. In addition to the direct relevance
to nano- and micro-fabrication, these results can also reveal in-
sights into potential surface 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.

The following section 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 crystal-
lites in the powder. We identify the factors limiting the optical
coherence lifetimes in small crystals and show that high-tem-
perature 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.

2. Sample preparation

Mechanical grinding is a very general, simple, rapid, and flex-
ible approach for fabricating nano-powders from bulk crystalline
materials. In particular, high-energy planetary 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 da-
mage 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 in-
ternal 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 by a number of groups to produce LiNbOs; nano-
powders, mostly undoped, and the resulting materials have been
extensively characterized [45-50]. A range of techniques including
nuclear magnetic resonance spectroscopy, extended X-ray ab-
sorption fine structure spectroscopy, impedance spectroscopy,
X-ray diffraction, transmission electron microscopy, differential
scanning calorimetry, thermogravimetic analysis, infrared ab-
sorption spectroscopy, and Raman spectroscopy have all indicated
a significant increase in amorphous behavior in the LiNbO3 crys-
tallites when they are reduced to sizes below 100 nm by high-
energy ball milling [45-49].

Very little is known regarding how the extent of crystal damage
caused by mechanical fabrication or processing relates to the en-
ergy, processing time, and specific method used. While it is clear
that the extended high-energy milling required to produce nano-
crystalline 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 prop-
erties of the bulk crystal. For LiNbOs, some of the same mea-
surements that reveal the large degradation in nanocrystals in-
dicate that microcrystals have nearly the same properties as the
bulk crystal [49]. In our previous SHB studies of Tm’*-doped yt-
trium aluminum garnet powders, we found that high-energy
planetary ball milling dramatically affected '®® Tm®* nuclear hy-
perfine 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 prop-
erties more strongly than nuclear spin lifetimes due to the
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stronger coupling of the electronic states to the crystal lattice,
optical coherence measurements should provide a uniquely sen-
sitive 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 appli-
cations 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 me-
chanical 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®*:LiNbO; 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 nar-
row 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 in-
creased doping due to Er®*-Er’* 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 Table 1. In order to analyze the size and shape distribution of
the resulting powders, we performed scanning electron micro-
scope (SEM) imaging, as presented in Fig. 1 and 2.

An initial reference powder (powder #1 in Table 1) 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
from 1 to 100 pm, as shown in Fig. 1{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 LiNbO;
powder, we employed two different horizontal tumbling-type
low-energy ball mills: a ball mill with a 4-in. diameter HDPE-jar
rotating at a relatively slow rate of approximately 5Hz, 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-sta-
bilized zirconia balls with diameters ranging from 0.3 mm to 1 cm.
The reference powder samples were mixed with ethanol to pro-
duce a slurry and then ground in a mill under the conditions listed
in Table 1. This method was chosen to minimize both the me-
chanical and thermal energy involved 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

Table 1
Powders characterized in the manuscript and their fabrication methods.
Sample Method
bulk 0.1% Er>*:LiNbOs (SMC)
1 (ref) bulk crushed via mortar and pestle
2 sample 1 re-crushed with mortar and pestle
ball milled, 0.5 Hz mill, 30 min
3 sample 1 ball milled, 0.5 Hz mill, 2 h
annealed (1 h at 900C and 4 h at 600 C)
4 sample 1 ball milled, 0.5 Hz mill, 2 h
annealed (4 h at 1100 C)
5 sample 1 ball milled, 5 Hz mill, 10 h
annealed (4 h at 950 C and then 4 h at 1100 C)
6 indiffusion of Er** into commercial LiNbO3 powder:

LiNbO3 + ErCls ball milled, 5 Hz mill, 3 h
annealed (4 h at 1100 C)

Fig. 1. Scanning electron microscope images of (a) powder #1 made from a 0.1%
Er>*:LiNbO; bulk crystal (SMC) by grinding with a mortar and pestle, (b) powder
#2 ball-milled for only 30 min.

image (Fig. 1(b}), shows very little decrease in particle size de-
monstrating that our low-energy ball milling method only reduces
the particles very slowly by gradual attrition. Nevertheless, even
short periods of milling may potentially introduce measurable
lattice strain that can be characterized. The next sample fabricated,
powder #3, was produced by ball-milling powder #1 for 2h at
0.5 Hz, resulting in a significant reduction in average particle size.
As shown in Fig Fig 2(a), this sample has particle sizes roughly on
the order of 1 pm after annealing in the furnace.

To investigate the effect of post fabrication thermal treatment,
some powders were annealed in alumina crucibles in a tube fur-
nace using a mullite tube providing peak temperatures of up to
1400C. While thermal annealing can increase defect mobility and
relieve crystal strain, LiNbO3 can also be detrimentally affected by
annealing at high temperatures due to the potential for out-dif-
fusion of both lithium and oxygen, affecting the optical and elec-
trical properties of the crystal. Past studies have found that thin
crystalline films of LiNbO; are particularly sensitive to high an-
nealing temperatures [52,53], suggesting that similar effects might
be observed for powders. Furthermore, while bulk crystals gen-
erally require reducing atmospheres [54] or vacuum [55] for sig-
nificant oxygen to diffuse out of the crystal matrix during an-
nealing, 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 poten-
tially be absorbed and produce defects [56]. To inhibit the out-
diffusion of lithium, we employed the well-known technique used
for LiNbO3 wafer processing of introducing small amounts of water
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Fig. 2. Scanning electron microscope images (a) powder #3 ball-milled and an-
nealed at 900 C, and (b) powder #6 annealed up to 1100 C.

vapor into the oxygen by bubbling the gas through a column of
deionized water [57,58].

The effects of several different annealing procedures were ex-
amined. 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. 2(a). We also
performed higher temperature annealing at 1100 C that tended to
produce significant crystallite growth as well as hard agglomera-
tion and fusing of the particles. Samples #4, #5 and #6 had initial
particle sizes of less than 2 pm after ball-milling but fused into
much larger masses around 100 pm after annealing at 1000 C, as
shown in Fig. 2(b). Powder #5 also underwent an initial pre-an-
nealing step at 950 C. Better crystal quality, and therefore im-
proved coherence properties should in principle come with this
increase in size.

Finally, we fabricated an Er’*:LiNbOz powder (sample #6) via
in-diffusion of Er’* jons into a commercial congruent LiNbO;
powder (Sigma Aldrich, 99.9% purity) with initial crystallite sizes
of less than 70 um. The LiNbO3; powder was mixed with a 5% molar
concentration of anhydrous ErCl; powder (ProChem Inc., >99.9%
purity) and ethanol to produce a slurry, and the mixture was ball
milled for 3 h. The powder was then allowed to dry in a desiccator,
after which it was heated in the tube furnace for 4 h 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®* in-
corporated 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 Table 3). 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.

3. Optical coherence lifetime measurements

Key requirements for many applications of REI-doped materials
in classical and quantum signal processing are long optical and
spin coherence lifetimes. To investigate the effect of powder fab-
rication on the optical coherence lifetime of the 1.5 pm telecom-
compatible transition of Er®*, we used several different measure-
ment techniques. One issue that must be overcome for powders is
a much weaker signal strength. Powders with particle sizes below
10 pm scatter light very strongly, especially for our samples, since
LiNbO; has a relatively high refractive index of approximately
2.2 at 1.5 pm 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 [31,33,61], with direct transmission detection of SHB [51] and
2PE [38,39] only recently being successfully applied to powders. In
particular, FID measurements on powders have not been pre-
viously reported to our knowledge.

Another consideration is the random orientation of individual
crystallites in the powder 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 tensors 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 pos-
sible 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 mea-
surement via 2PEs difficult with standard techniques.

In the work reported here, we employed a combination of three
techniques, SHB, 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 de-
termined. 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 he-
lium exchange gas. A superconducting solenoid provided magnetic
fields of up to 6 T for these measurements. Since most of the in-
cident 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 di-
rect any scattered light away from the detector.

3.1. Two pulse photon echoes

The most precise method to characterize long coherence life-
times, as observed in Er’*:LiNbOs; bulk crystals, is the 2PE
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technique since it is not limited by the linewidth of the excitation
laser. For these measurements, a homemade Littman-Metcalf ex-
tended-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 an amplified high-speed In-
GaAs 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 ob-
served in the heterodyne measurement, compared to the decay
rate of the intensity observed in a regular 2PE, allows shorter co-
herence lifetimes to be characterized with the heterodyne
technique.

3.1.1. Echo decays in powders of randomly orientated crystallites

In the simplest 2PE decay measurement, the area of the echo
emitted at a time 2 t;, after the first excitation pulse follows an
exponential decay determined by the coherence 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 de-
scribed by the empirical formula proposed by Mims [63,64].

I(tyy) = Ioexp{ 72(ﬁ] ],
v O

where the exponent x > 1 determines the decay shape and Ty is
the phase memory lifetime, usually related to the effective
homogeneous linewidth as i = 1/zTy [16]. In heterodyne de-
tection, 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

Eity) = Eoexp[ _(ZTt_,:,Z] ] &

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 LiNbO5, Er®* ions sub-
stitute for Li* with a local environment that nominally maintains
an axial point symmetry with respect to the c-axis described by
the C; point group [66,67]. Assuming that the sites maintain per-
fect axial symmetry, the orientation-dependent properties depend
only on the angle € between the magnetic field B and the c-axis.
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Fig. 3. (a) Orientation dependence of the effective linewidth Ig in a 0.1% Er¥t:
LiNbOj; bulk crystal measured at T= 1.6 K and B=2 T. The magnetic field orientation
is rotated by an angle @ from the c-axis of the crystal. The inset shows an example
echo intensity decay at ¢=0 ie. B|lc, where the fit of Eq. (1) gives
I = 1{zhy = 3.1 kHz. The red sclid line is an empirical polynomial fit to the ex-
perimental I.g(¢) data. (b) Decay of the echo area for the 0.1% Er**:LiNbO; re-
ference 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 correspends te a
calculation of the expected decay in the powder due to the crientation dependence
of Iy in the bulk crystal

Fig. 3(a) shows the effective linewidth as a function of ¢ in a 0.1%
Er®*:LiNbO; bulk crystal at T=1.6K and B=2T. 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% Er®*:LiNbO,
crystal [16]. The values of I} were extracted from 2PE intensity
decays fitted by Eq. (1), as shown in the inset for B along the c-
axis. The measured angular dependence ILg(¢) was fit well using
an empirical eighth order polynomial containing only even pow-
ers. To simulate the observed echo intensity I, we averaged the
echo intensities over all possible random crystallite orientations as
follows

«f2 ]
L=l fo exp[ —4aly;(6)t, Jsine de. -

This model assumes a uniform distribution of particle orientations
and that all particles contribute equally to the averaged decay.
Fig. 3(b) shows the measured echo intensity as a function of
waiting time t;, in powder #1 under the same conditions as for
the bulk measurements, i.e. B=2 T and T=16 K, as well as the
decay simulated using Eq. (3) 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
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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 crys-
tallites in the powder.

From both the simulations and the measurements, we observed
echo decays for the Er®*:LiNbO; powders that could be approxi-
mately described by a double-exponential shape. Using simula-
tions to investigate the contributions of different particle or-
ientations to the echo signal, we found that, for the conditions
studied in this work, the slow component of the decay corres-
ponds to the subset of crystallites in the powder that have their c-
axis oriented almost parallel to the applied magnetic field direc-
tion while the fast component of the decay corresponds to all
crystallites with other orientations. For example, under the con-
ditions in Fig. 3(a), fitting the powder decay with a double ex-
ponential 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 or-
thogonal to the c-axis), respectively. Note that the excited state
population lifetime in Er: LiNbO5 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. (3), we
can quantitatively analyze the decoherence mechanisms by di-
rectly comparing this component of the decay to the bulk crystal
behavior for Bjjc. 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
exponential 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 ob-
served in the 2PE measurements.

3.1.2. Magnetic field dependence of coherence lifetimes

In this section we discuss the observed magnetic field depen-
dence of the coherence lifetimes in the different samples and in-
vestigate additional decoherence processes resulting from the
powder fabrication methods. Fig. 4 shows the magnetic field de-
pendence of the effective linewidth at T=3 K for the bulk crystal,
powder #1 (the reference), and powder #2. No heterodyne tech-
nique was needed here, but we verified that the heterodyne
measurement of the decay fitted by Eq. (2) gave the same

0.1% Er:LiNbO, E
T=3K

powder 1

Fert (KH2)

characteristic lifetime. For all other powder samples listed in Ta-
ble 1, 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 ;(B) are fitted
by the spectral diffusion model from Ref. [16], where the effective
linewidth is given by
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where I'y is the linewidth without spectral diffusion, I3, is the
broadening caused by interactions between the Er’* electronic
spins, and R is the rate of spectral diffusion. The spectral diffusion
broadening has a full width at half maximum described by
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where I, is the maximum broadening due to magnetic dipole-
dipole interactions, g, ;B is the splitting of the Er®* spin states,
and the hyperbolic secant function in Eq. (5) describes the sup-
pression of spectral diffusion at high magnetic fields due to the
increased magnetic ordering of the spins. Spectral diffusion occurs
at a rate R characterizing the flip rate of the perturbing Er** spins;
that is approximately given by
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This expression assumes that only the mutual Er’*-Er’* spin flip-
flop process with coefficient «; and the direct phonon process
with coefficient op drive Er®* spin flips, as expected for tem-
peratures below 4 K.

Fitting Eq. (4) to the three sets of data (bulk crystal and pow-
ders #1 and #2) gives very similar spectral diffusion parameters
except for the coefficient oy that is 4 times larger for powder #1
and 3 times larger for powder #2 as compared to the bulk crystal
(see Table 2). This suggests that additional spin relaxation pro-
cesses 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 ma-
terials [68,69]. In this model, very low-frequency modes that in-
volve groups of atoms tunneling between local configurations
with nearly equivalent energies are enabled by defects and dis-
order 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 Nd 2* in YAG single crystals with a high

Table 2

Parameters from fitting the experimental data shown in Fig. 4 by Eq. (4). For all
samples, the value of 75, was fixed to 1 MHz and the parameter Iy was
constrained to be larger or equal than minimum bulk value (7 =3 kHz at 6T),
which lead to Iy = 3 kHz.

B(M

Fig. 4. Magnetic field dependence of the effective homogenecus linewidth in 0.1%
Er**:LiNbO; at T=3 K for the bulk crystal (for Bjic), the reference powder #1, and a
powder ball-milled for 30 min (powder #2).

sample g agr (KHz) ap (kHz{T®)
bulk 15.7 11 69

1 14 12 240

2 14 9 200
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density of structural defects in the lattice [72] as well as increased
nuclear spin relaxation rates of *Tm’* in YAG powders fabricated
by ball milling [51]. While it is known that high-energy ball mil-
ling of nanocrystals can produce significant disorder in the crystal
structure and introduce some amorphous behavior [45-49], our
results suggest that even very low-energy grinding methods ap-
plied 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
sections.

3.2. Spectral hole burning

We employed spectral hole burning to measure I; as well as
the effective absorption depth o« 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 pus
long burn pulse excited the resonant Er’* ions into the 4113,2 ex-
cited state and created a corresponding transparency window in
the inhomogeneously broadened absorption line. After a 25 pus
delay, a subsequent 50 ps long read pulse with lower power was
frequency swept across the spectral hole to measure the absorp-
tion spectrum.

A typical hole burning trace is shown in Fig. 5 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 addi-
tional sideholes originating from the superhyperfine coupling
between the Er’* electronic spins and the nuclear spins of the host
ions, with >Nb 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
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Fig. 5. Hole burning spectrum in 0.1% Er**+:LiNbO; (powder #1) at T=1.6 K and
B=2T. Zero detuning corresponds to 1531.882 nm in vacuum.

Table 3

Maximum effective absorption coefficient a.y extracted from SHB measurements,
as well as effective linewidths Iy extracted from SHB (after a T, = 254 s), 2PE
(hetercdyne measurement for samples #3 to #6) and FID (after a T, =54 s)
measurements at T=1.6K and B=2T for different samples. When a double ex-
penential 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||c).

sample efr (cm 1) T8 (kHz) 125 (kHz) P (kHz)
bulk 39 <10 32 <10

1 (ref) 135 60 45/40 32

3 94 <10 12/45 38

4 14 1050 30 30

5 0.71 990 38 29

6 2.96 150 37 42

widths exhibited 1.93 MHz of power broadening, and we then
assumed that the power broadening was the same for each pow-
der under the same excitation conditions. This gives a large un-
certainty 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 con-
tributions, with the outcome summarized in Table 3.

Table 3 contains a summary of effective homogeneous line-
widths measured using different techniques. Note that the values
obtained using holeburning and FID are influenced by spectral
diffusion (on the timescale of 25 ps and 5 ps 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 spectral diffusion processes occur
in this powder. Remarkably, the effective homogeneous linewidth
of powder #3, which was ball-milled and then annealed, is nar-
rower, 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 pm 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 line-
widths observed in powders #4 and #5 arise from the higher
annealing temperatures. Consequently, it appears that tempera-
tures above 1000C are detrimental to the material properties ra-
ther than beneficial, likely due to additional disorder caused by
loss of either lithium or oxygen from the crystal matrix. This hy-
pothesis 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
1100C [58]. Moreover, changes in material properties due to li-
thium out-diffusion have been observed at temperatures as low as
600C for LiNbO3 thin films [52,53], suggesting that even lower
annealing temperatures than used here may be optimal for microf
nano-powders.

Finally, we examined powder #6 that was fabricated through
in-diffusion of erbium into commercial LiNbOs powder. This
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powder was processed using similar mechanical and thermal
treatments as for powders #4 and #5, although noticeably nar-
rower 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 pre-
sence of ErCl; mixed with the powder, or other factors.

From the hole burning spectra, we also extracted effective ab-
sorption 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 compared 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 in-
dividual crystallites have anisotropic absorption, the transmitted
light in general will not follow the usual Beer-Lambert-Bouguer
exponential decay law. Nevertheless, if we assume that the in-
cident light polarization is randomized many times during the
scattering process, as we observe experimentally from the trans-
mitted 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 ab-
sorption coefficients or effective path lengths from the measured
transmission spectrum, we do expect the observed effective ab-
sorption to provide some qualitative information about the re-
lative scattering path lengths in the powder samples.

For the 1532 nm transition of Er®*:LiNbOs, the absorption
coefficient is dependent on both the polarization and the propa-
gation direction of the light since the transition has comparable
electric and magnetic transition dipole strengths [17]. The max-
imum absorption coefficients are known for light propagating or-
thogonally to the crystal’s c-axis with z polarization, i.e. E||c
(41 cm™1), and ¢ polarization, i.e. ELc (6.8 cm™'), as well as for
the light propagating along the crystal’s c-axis with the two cir-
cular polarization states (11.1 cm~! averaged over left and right
handed polarizations). Consequently, averaging over all possible
random crystal orientations and polarizations, we would expect an
effective absorption coefficient a.; of 7.3 cm~! for a powder in the
limit of many scattering events.

To estimate the effective absorption coefficient o 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.¢ was calculated from the transmitted intensity I at
the center of the hole and the intensity I, with the laser tuned
away from the hole (where it experiences the full absorption)
through the relation

_ L
et = — In( E]/L, @

where L=0.4 mm is the powder thickness. The resulting effective
absorption values are listed in Table 3 for each sample.

For powders #1 and #3 we measured absorption coefficients
(see Table 3) higher than the bulk average increased by a factor of
1.8 and 1.3 respectively. This is consistent 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
1100C, which might have introduced modifications in the host

matrix that potentially could cause broadening of the in-
homogeneous 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 re-
quires further study.

The experiment described above shows that SHB measure-
ments in direct transmission could be successfully conducted in
powder samples and that the effective linewidths were success-
fully 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.

3.3. Free induction decay and spectral diffusion

SHB measurements may be used to probe powders with broad
homogeneous linewidths that cannot be accessed by 2PE techni-
ques. However, in cases where rapid spectral diffusion or complex
spectral structure such as spin-flip sidebands are present, optical
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, allowing
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
sometimes referred to as a delayed FID that is analogous to a sti-
mulated photon echo measurement [73]. For this approach, a laser
pulse first burnt a hole in the inhomogeneously broadened ab-
sorption line of the sample: in our case we used a 50 ps long burn
pulse to provide an approximately 20 kHz Fourier-limited spectral
resolution. After a waiting time T,;, 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 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) = Egexp _[TLTW] }
M @)

By fitting this equation to the experimentally measured decay, we
extracted the effective homogeneous linewidth I = l/nTIEIW after a
waiting time T,. An exemplary FID decay signal for powder #1
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Fig. 6. Typical background-subtracted FID decay of the reference powder #1 at
B=3.9T, T=16 K and waiting time t,;, = 5 ps. Solid points are measured values and
the solid line is a fit of the FID signal. The inset shows a magnification of the first
1 ps of the decay.

(reference) at B=3.9 T, T=1.6 K and waiting time T, = 5 ps is shown
in Fig. 6, 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 (ie. x=1 in
Eq. (8)) that corresponds to an effective linewidth of Iy = 147 kHz.

By changing the waiting time T, between the burn and ex-
citation pulses, the delayed FID technique was used to determine
the effective homogeneous linewidth at different timescales and
thus study time-dependent decoherence processes, i.e. spectral
diffusion. The effective homogeneous linewidth over a range of
waiting times for different powders is shown in Fig. 7. From a
comparison of the obtained effective homogeneous linewidths
using FID at T, = 5 ps and the local slope of the two pulse photon
echo decay around t, = 5 ps for each powder, we estimated the
experimental contribution to each FID measurement due to laser
linewidth, power broadening and shot-to-shot laser jitter.

As shown in Fig. 7, we observed a rapid time-dependent
broadening of the linewidth due to spectral diffusion occurring at
timescales of less than 500 ps, and then a saturation 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=3.9 T (see Fig. 7(a} and
(b)) indicates that spectral diffusion is faster at 2 T, whereas the
final linewidth at long T, 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 treat-
ment, the data points at short T, suggest that the higher annealing
temperature of 1100 C for powder #4 was detrimental. Further-
more, 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 h} 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 li-
thium at high temperatures [52,53,58]. Since the dynamic TLS
modes enabled by the disorder typically exhibit a broad distribu-
tion 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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Fig. 7. Effective homogeneous linewidths at (a) B=2 T and (b) B=3.9Tat T=16K
as a function of the waiting time T, measured using the delayed FID technique for
powders #1, # 3 through #6 and for the bulk crystal. The solid lines are guides to
the eye.

The commercial powder with large crystallites that were dif-
fusion-doped with Er’* (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.

4. Conclusion

We demonstrated that spectroscopic properties such as optical
coherence lifetimes in Er’*:LiNbO; powders that experienced
various mechanical and thermal treatments could be measured
despite strong scattering, random orientations, and shorter co-
herence lifetimes. The 2PE measurements were optimal to access
long coherence lifetimes whereas SHB and FID techniques were
well suited to quantify fast dephasing processes. 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, in-
dicating the presence of dynamic TLS modes characteristic of
amorphous phases. This conclusion was also supported by ob-
servations of corresponding decreases in the maximum absorption
as well as a broader distribution of spectral diffusion rates as
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compared to the bulk crystal. Surprisingly, we found that even
crushing and grinding with mortar and pestle to produce large
microcrystals resulted in significant damage as indicated by an
order-of-magnitude increase in the homogeneous linewidth. In
the powders that experienced less processing, 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’* electronic spin flips)
rather than introducing new sources of broadening. This conclu-
sion is also consistent with the increase in the magnetic-field-
dependent spectral diffusion rates extracted from analysis of the
2PE coherence measurements (summarized in Table 2). We found
that the broadening could be partially reversed by high-tem-
perature annealing in oxygen atmospheres for some powders;
however, treatment at temperatures above 1000C was detrimental
for the coherence properties. The powders annealed at tempera-
tures above 1000C exhibited a large increase in the magnitude of
spectral diffusion, suggesting that additional broadening me-
chanisms were introduced, possibly due to out-diffusion of lithium
and oxygen from the crystallites.

Together, our results demonstrate that even minimal low-en-
ergy mechanical processing significantly degrades the material
properties of interest for classical and quantum signal-processing
applications. Chemical fabrication methods, such as chemical
synthesis or etching may minimize the amount of amorphous-like
behavior introduced when fabricating micro- and nano-materials
and lead to better optical coherence properties. This hypothesis is
consistent with past structural and spectroscopic studies of na-
nocrystalline LiNbO; 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 annealing
temperatures also suggest that lower temperature bottom-up
synthesis may be preferred. The demonstration of long coherence
lifetimes in Eu:Y,0; 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 ex-
pect that focused-ion-beam milling may also be successful in
preserving the coherence properties of REI-doped LiNbO3, poten-
tially 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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Modification of relaxation dynamics in Th3*+:Y3Al 04, nanopowders
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Nanostructured rare-earth-ion-doped materials are increasingly being investigated 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 into the restriction of phonon processes in the transition from bulk crystals to small (<40-nm)
nanocrystals by observing the relaxation dynamics between crystal-field levels of Th**: Y3 AlsO;,. We find that
the population relaxation 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.
However, our experiments also indicate that nonradiative processes not driven by phonons are also present in the
smaller particles, causing transitions and rapid thermalization between the levels on a time scale of <100ns.

DOI: 10.1103/PhysRevB.98.054308

I. INTRODUCTION

Crystalline materials doped with impurities, such as rare-
earth ions or diamond silicon-vacancy and nitrogen-vacancy
centers, have found many applications in fields as diverse as
quantum information processing [ 1-4], quantum memories [5—
71, sensing [8], lasers [9], and phosphors [10,11]. Nanometer-
sized structures fabricated from these materials have begun
to be investigated for on-chip implementations of these ap-
plications. In addition, small nanophosphors are desired for
high-quality window materials used in lamps as well as for
state-of-the-art displays [12,13]. Finally, nanopowders have
also been proposed for optical refrigeration applications where
their modified phonon spectrum and particle morphology could
enhance the cooling efficiency [14].

Nanomaterials can be obtained through different routes:
nanostructures can be milled or etched from high-quality bulk
materials, and nanocrystals can be obtained through chemical
synthesis, mechanical crushing, or ablation techniques. The
transition to nanosized structures generally introduces detri-
mental effects such as poor crystal quality, surface effects,
and amorphous behavior that can severely restrict practical
applications [15,16]. 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 and fabrication
methods starting with bulk materials produced high-quality
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materials [17,18]. However, none of these structures have al-
lowedstudy of the effects of decreasing dimensions on phonon-
mediated population dynamics. Furthermore, a general proce-
dure for achieving consistently high-quality nanomaterials is
still unknown and many open questions remain regarding the
transition to smaller sizes, requiring further systematic studies.

During the transition from a bulk material to nanostructures,
many material properties change. One interesting effect is
the predicted modification of the vibrational density 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
cutoff below which no phonons are supported. Furthermore,
phononic crystals—nanomachined, periodic structures—can
feature engineered frequency band gaps where vibrations are
forbidden [19]. These approaches to phonon engineering could
potentially benefit applications in the field of quantum infor-
mation, 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 rare-earth-ion-doped nanocrystals have been previously
reported by Meltzer ef al. [20,21], Liu ef al. [22], and Mercier
ef al. [23], and it was suggested that the changes were due to
phonon suppression 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 suppression of
phonon-mediated relaxation in optical centers through VDOS
engineering remains an open challenge.

In this paper we examine the effect of the transition from
bulk crystals to <40-nm particles (see Fig. 1) on the popu-
lation dynamics between excited-state crystal-field levels in

©2018 American Physical Society
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FIG. 1. Relevant energy levels of Th*":Y;AlsOy,(vertical axis
not to scale) for measurement of the population relaxation between
the first two crystal-field levels within the *D, excited-state manifold.
A pulsed laser excited the ions from the "Fsa ground state to the
D, f excited state, from where they decay rapidly into °D, z and
b. The resulting fluorescence due to the four *Dya/b —' Fsa/b
transitions was collected, spectrally resolved, and then analyzed.
Inset: Relaxation processes (nonradiative, red; radiative, green) for
populations on the two excited levels “D, a/b (see definitions in the
text).

Tb3+-doped Y3Als012 (YAG). Specifically, we study the
influence of size restriction on the relaxation dynamics and
equilibrium population distribution between the crystal-field
levels, i.e., thermalization. We observe that the population
dynamics 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 nanopowders is the same as in the bulk material. As
described in detail in later sections, the observation of rapid
thermalization suggests that, in addition to possible phonon
suppression, other nonphononic processes—e.g., related to
surface defects or energy transfer [24]—are introduced, en-
abling rapid thermalization of populations between the closely
spaced energy levels.

II. EXPERIMENTAL DETAILS

We chose Th3*-doped Y3Al501, (YAG) since the combina-
tion of its energy level structure and its high acoustic velocity
is well suited to investigation of the effects of size on the
direct phonon process. More precisely, the small excited-state
splitting A, = 35 GHz (denoted A in the following) between
the Tb** crystal-field levels °Dy a/b (see Fig. 1), together with
the acoustic velocity of 6400 m/s [25], results in an expected
suppression of the direct phonon process for relatively large
particles, ~100 nm in diameter. In addition, in the bulk crystal,
the inhomogeneous broadening of about 20 GHz allows one
to selectively address each of the *Dy a/b crystal-field levels.
Furthermore, the ground-state splitting A, = 83 GHz is large
enough that resonant phonons are not expected to be inhibited
in the >40-nm-diameter nanocrystals, and we could therefore
directly measure the internal sample temperature through the
ratio of population in the two levels "Fg a/b.
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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. Addi-
tional 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 between 40
and 70 nm using methods 1 and 2, respectively. We evaluated
the crystal quality of our powders using a scanning electron mi-
croscope (SEM), a transmission electron microscope (TEM),
x-ray diffraction (XRD), and optical spectroscopy methods
(Appendixes 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 in the inhomogeneous broadening. Measurements
of the radiative lifetime as a function of the 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 up to 10 K; for temperatures below
2.17 K, the samples were immersed in superfluid liquid helium,
whereas for higher temperatures, the samples were cooled with
a continuous flow of helium vapor. A pulsed Hinsch-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. 1, we resonantly excited Tb ions
from the ground state "Fga to the 3Dy f level, a transition
that provides strong absorption. From the 5D, f level, the
population rapidly decays in less than 1 ns nonradiatively
by emission of high-frequency acoustic phonons into the two
levels °Dy @ and b. Using a SPEX 1401 monochromator (<3-
GHz resolution), we selectively collected fluorescence from
each of the four ® Dya/b —TFsa /b transitions. The collection
was at an angle of 90° relative to the excitation laser, and
the fluorescence was measured using a photomultiplier tube
(Hamamatsu R928) terminated with a variable resistance that
allowed for time resolutions as fast as 100 ns.

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

ITII. TIME-RESOLVED FLUORESCENCE
MEASUREMENTS

Before studying the population dynamics of the SDga/b
levels, we ensured that we could selectively collect fluores-
cence from the two excited levels 5D4 a/b for each of our
samples. We recorded fluorescence spectra by scanning the
monochromator over the four lines connecting 5D4 alb =)
Fs a/b, with typical fluorescence spectra shown in Fig. 2. We
observed that the smallest nanocrystals feature an increased in-
homogeneous broadening compared to the bulk (for details see
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FIG. 2. 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 circles) was fitted by 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 4 = 500
nm the width is 13 GHz and A’ is 39 GHz.

Appendix B). As a consequence, some fraction of the detected
emission originates from the neighboring transition. Since this
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 as described later.
Following this initial characterization, we recorded fluores-
cence 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 spe-
cific frequencies of these transitions were obtained from the
fluorescence spectra measured for each sample as described
above. After excitation of the D, f level, 2 THz above °D, a,
the population decays rapidly first into both Dy a/b levels
and from there into "Fsa/b. In a sufficiently large crystal,
fluorescence decays originating from the four transitions (see
Fig. 3) are composed of two components. The first component
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FIG. 3. Fluorescence decays °D,a/b — ’Fsa/b at 1.5 K in
large crystallites (¢ = 500 nm). The experimental points were fitted
by Eq. (9) (solid lines), resulting in y, = 237 +£ 0.5Hz and y,, =
3.36 + 0.03 kHz. Inset: Magnification of the first 2 ms of the decay.

corresponds to the nonradiative decay of population from Dy b
to 5D4 a and manifests itself in the fluorescence decays from
5Dy ato "Fsa/bas afill-in, i.e., an increase in the fluorescence
intensity with time, and in the fluorescence from SDyb to
7F5 a/b as an initial, fast decay, both with the same charac-
teristic time of about 0.2 ms. The second, long component
corresponds to the radiative decay, with a characteristic time
of about 4 ms.
The dynamics are captured by the rate equations

AR () = —(Va + YaIng (0 + yoa ny ¥ (0),

AP @) =+ 1™ () — 0 + vednp (), (1)

where ng‘}b]k(t) denote the populations in the levels *Dy a/b at

a time ¢ after excitation (see inset in Fig. 1). The rates y,
correspond to the radiative decay from each level into the "Fs
multiplet, and we assume that y, = y,. The latter assumption
is justified by the good quality of our fits. The rates yus/sq
characterize the nonradiative processes coupling the levels
’Dya and b (absorption/emission of a phonon with energy
AiA). Athigh temperatures, they are equal, but y,;, depends on
the number of phonons available. Therefore, they differ at low
temperatures; in fact, we can write

Yab = eihA/kTyba, (2)

where A is the energy difference between the a and the
b levels, k the Boltzmann constant, and T the temperature.
Note that relaxation into the ground-state multiplet "Fg is
ignored [experimentally and in Eq. (1), due to the transitions’
comparably low rates]. The solutions of Eq. (1) are
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where n, and npo are the initial populations in the Dya /b
levels.

The fluorescence that we measured is proportional to the
populations but must be weighted by the transition strengths,
which manifest themselves in the corresponding fluorescence
spectrum. The spectra (see Fig. 2) can be modeled by four
Lorentzian functions with amplitude ;_, ;, center frequency
fo,i; (separated by A for the a and b transitions), and width

Y.

L @

L () = . <¢L)2

Therefore, the fluorescence intensity detected at frequency f
is

it T, £ = Y Ly j(F)me ™, T)
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The parameters d;_, ;, fo.:—j, A, and y were obtained for each
powder by fitting the fluorescence spectra. Then we could fit all
four florescence decays at once by taking the above expression
at the frequencies we picked for the measurements (f,q, fra,
Japvs fop). This enabled us to obtain one set of parameters for
each powder sample, and at the same this takes into to account
fluorescence that originates from neighboring transitions. The
only free parameters were the rates y, and y;,, as well as
parameters accounting for experimental imperfections: a back-
ground fluorescence and four independent scaling factors for
the four fluorescence intensities (i.e., we allowed the collection
efficiency to vary). The initial population n,0 (nz0 = 1 — 7240)
was let free for the large samples (4 > 100 ns); the fit gave
values around 0.5. This is in agreement with random relaxation
from D, f via many paths to Dy a/b. Therefore, we fixed
10 = Hyo = 0.5 for the small samples where the fits tended to
give larger uncertainties. The fit reproduced the experimental
data very well and resulted in y, = 237 + 0.5Hz and y;, =
3.36 £+ 0.03kHz for the largest powder sample (d = 500 nm)
(see Fig. 3).

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 nonradiative relaxation between the two closely spaced
crystal-field levels *Dy @ and b, represented by the terms with
the rate y3, in Eq. (3). The cutoff frequency is given by

€
Vmin = 77 i ©®)

where c is the sound velocity, 4 is the diameter of the crystal,
and » is a numerical constant that equals 2.05 for one spher-
ical particle and phonon modes with negligible broadening
[29]. According to this formula, YAG particles (where ¢ =
6400 m/s [25]) with diameters below dy = 100 nm should not
be able to support phonons at A = 35 GHz, corresponding to
the splitting between the two crystal-field levels Dy a/b.

If the phonons are completely forbidden, the population
decays simply become

nP () = nge 7, )
ny (1) = npo e 7,

with #,7, the population in the levels 5Dy a/b for the case
where phonons are not allowed. Here, the first, fast component
completely disappeared, and the populations are independent
of the temperature. If we assumengo = npo = 0.5, we can write
the fluorescence intensity as

et FI= 3 Bss e, ®)
1j

Because our powder samples inevitably exhibit some dis-
tribution of particle sizes (the horizontal error bars in Fig. 4
correspond to one standard deviation in the respective size
distribution), the nonradiative relaxation should be suppressed
in more and more particles as the mean of the size distribution
is reduced below ~100nm. This should lead to a gradual
decrease in the amplitude of the fast component of the
fluorescence decays. For a distribution of particle sizes, the

fluorescence intensity can be written as
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FIG. 4. Fraction of particles suppressing phonons f obtained
from an average of the fits of Eq. (9) to the four decays *Dya, b —
7Fs a, bas a function of the average nanocrystal diameter 4 for powder
1 (red) and powder 2 (blue) at 1.5 K. Simulations are depicted using
dashed lines. Inset: Characteristic time of the fast decay component
as a function of the nanocrystal diameter 4.

where 8 is the fraction of particles for which we get a cutoff of
the VDOS at A. Therefore we fitted the experimental decays
by Eq. (9) and obtained the parameter g for each sample. As
shown in Fig. 4, we find that for particles created using method
1, the parameter 8 begins to increase at diameters of around
130 nm, whereas the onset for particles created via method 2
occurs at sizes of ~70 nm.

We modeled this effect by calculating the VDOS [19],
assuming that each mode contributes a Lorentzian with a
width Av, for 10° particles with different particle diameters
following a Gaussian distribution. We obtained the mean
diameter and the standard deviation of this distribution from
the SEM images of our samples. We assumed that ions in
a nanocrystal with diameter ¢ have a fast decay only if the
VDOS of the nanocrystal at A = 35 GHz is greater than 0. For
each of the 10° particles, we simulated the fluorescence decay,
either the sum of two exponential functions, in cases where
fast decay is allowed, or only a single-exponential decay with
radiative decay time in cases where fast decay is forbidden.
We then averaged the individual decays to obtain the overall
fluorescence decay for the ensemble of 10° particles. Finally,
we fitted the resulting decay with Eq. (9), which returned the
fraction of particles that suppress phonons B. The only free
parameter in the simulations was the width Av of the individual
vibrational modes, which we obtained through a fit to the
experimental data. Note that the mode width was forced to be
the same for all powders fabricated using a specific method.
The results of the simulations are presented in Fig. 4.

For large crystal diameters &, the simulated values of 8
(for crystals created via either method) are around O, which
corresponds to the bulk value at 1.5 K. When we reduce d, the
fraction of particles that suppress phonons starts to increase 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 = 1.2 and 11 GHz for powders from 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 *Dy a /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 line widths
suggest that method 2 produces powders with less internal
strain; however, it is not known whether 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-
induced component to population relaxation.

In addition to a change in the amplitude of the fast nonradia-
tive decay, we also expect a change in its characteristic decay
time T}, = 1/y3,. For the fraction of particles with vy, =~ A,,
the phonon density of states at A, should deviate from the
bulk value. With small enough particles we expect a decrease
inthe VDOS as the lowest phonon mode moves towards higher
frequencies. Thus, because the rate of nonradiative 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., 7y should increase with decreasing particle size.
Note that in some cases, an enhanced VDOS can occur due to
phonon confinement, which would lead to faster decay rates.
Experimentally (see inset in Fig. 4), we observed a decrease
in T, for some particles but we did not observe the expected
increase due to a reduced density of states for the smallest
particles. This is consistent with the conjecture of having sharp
phonon modes (resulting from the fit of the decay ratios in
Fig. 4), in which case the phonon cutoff occurs abruptly as the
size is reduced so that the particles experience either a phonon
rate equal to or larger than that in the bulk or no phonon decay.
Atthis stage, the scatter of our experimental data unfortunately
does not allow for a more in-depth analysis and interpretation.

IV. MEASUREMENT OF TEMPERATURE-DEPENDENT
POPULATION RE-DISTRIBUTION

Another indication of the restriction of any nonradia-
tive transition processes, including phonon modes, is the
inhibition of thermalization (population re-distribution) be-
tween the two crystal-field levels *Dy a/b after their ini-
tial population through decay from Dy f. In the case of
the bulk crystal, for ¢ > 1/y5,, Eq. (3) gives the expected
equilibrium population ratio, i.e., the Boltzmann distribution:
n2k (¢, T)/n%% (¢, T) = "*/*T . In the extreme opposite case
of total suppression of any nonradiative relaxation, the popula-
tion ratio is constant and n3* (£)/ g (£) = 1 if the initial popu-
lations are equal. In the case of our powder samples, where the
suppression of phonons occurs only in a fraction of particles,
we expect partial thermalization. From the expression of the
total fluorescence intensity [see Eq. (9)], we can calculate the
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FIG. 5. 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 4 = 72 nm (red triangles) and d = 40 nm
(blue circles). Solid lines are best fits using Eq. (3), and shaded areas
represent uncertainties.

population ratio

mp(t,T) (1= B)ngy (. T) + Bny, (T)
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where « is a coefficient accounting for an eventual difference in
transition strength between the bulk and the powder samples,
and B is the fraction of particles in which no thermalization
(i.e., no fast nonradiative relaxation) occurs.

Experimentally, the population ratio n, (¢, T)/n,(¢, T) can
be extracted from the fluorescence decays fortimes ¢ > 1/yy,.
When there was no overlap between the transitions, i.e., in
the case of the bulk crystal, we directly computed the ratio
between the fluorescence intensities 1(f, T, f3;)/i(t, T, f4))
after background subtraction and averaged over all ¢ > 1/y,.
We repeated this for j = a, b and took the mean value. In the
case of overlaps between neighboring transitions, i.e., in the
case of small particles, we used Egs. (5) and (8) and computed
the population ratio for r > 1y, as follows:

ny(t, T) _ Lo j(foj)i@, T, fo5) — Lo j(fo))iCe, T, fo5)
e, T) Lo j(fo)iCt, T, fo) — I j (Fa )i T, f)
an

Figure 5 shows the measured temperature dependence of
np/n, in the bulk crystal (black squares) and in nanocrystals
from method 1 with an average diameter d = 72 nm (red
triangles) and 40 nm (blue circles). We fitted the experimental
points for each sample by Eq. (10). The only free parameters
werethe energy splitting A between the Dy a and b levelssince
the splitting might slightly change from powder to powder and
the fraction g of particles in which no thermalization occurs
between the levels Dy a/b. We obtained A = 36 + 13 GHz
for the bulk, 72 + 12 GHz for the 72-nm powder, and A =
42 + 11 GHz for the 40-nm powder. In all cases the fits resulted
in f = 0 with an uncertainty of £0.3 for the bulk, £0.1 for the
72-nm powder, and +0.14 for the 40-nm powder. Therefore,
we observe no deviation from normal thermalization in the
samples where the particles are small enough to inhibit phonon
relaxation even though those samples did show a reduction of
the nonradiative component in the fluorescence decays. This
observation indicates that other processes, happening on time

(10)
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scales shorter than the 100-ns resolution of the detector used in
our time-resolved fluorescence measurements, are responsible
for the population re-distribution in our smallest nanocrystals.
Such fast relaxation could be caused by coupling of the Tb>*
ions to tunneling modes characteristic of amorphous materials
[30,31] (note that the increase in amorphous character as the
particle size is reduced is supported by the observation of
larger inhomogeneous broadening). Other explanations are
relaxation driven by energy transfer [24] and interactions
between ions and surface states.

V. CONCLUSION

In conclusion, we observed modifications in relaxation dy-
namics between crystal-field levels of Tb3:Y3A1504, crystals
asthe particle size was varied from bulk to40nm 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 first two crystal-field levels in the 5D, excited state
manifold, which are separated by 35 GHz.

However, other measurements suggest a different explana-
tion: population redistribution is still observed within the two
closely spaced levels, meaning that other fast and nonradiative
processes must enable this transition. These processes may
arise from the partially amorphous character of the nanocrys-
tals, even though significant effort was dedicated to achieving
good crystal quality by exploring two 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 particularly difficult because of the
high annealing temperature—which favors particle 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 fluoride 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 preserving the spectroscopic properties of
a large crystal; this limit is frequently estimated to be around
10nm [32]. Our results suggest that, for YAG, it may be around
100 nm. Measurements of crystal structure may shine more
light on this important question.
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APPENDIX A: POWDER CHARACTERIZATION

For all investigations of population dynamics presented in
the text, information about the morphology and size distribu-
tion of the various powders is needed to interpret the results.
We obtained this information for powders from methods 1
and 2 using an SEM, with example images shown in Fig. 6.
The images indicate that method 2 produces slightly less
agglomerated powder compared to method 1. In addition,
we confirmed that we obtained good single-phase crystalline
YAG particles using powder XRD analysis. Figures 6(e) and
6(f) show the perfect overlap between the XRD spectrum of
the Th>+:Y3Al504, powders produced by methods 1 and 2
and the reference spectrum for YAG (JCPDS No. 30-0040).
For selected powder samples, we also directly probed the
quality of the crystal structure using a TEM, as shown in
Fig. 6(d). The TEM analysis revealed that the crystallite orien-
tations 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 agglomerations 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 investi-
gated the degree to which the crystallites within the powder act
as isolated particles versus being part of a larger agglomerated
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FIG. 6. Microscope images of 1% Tb**:Y;Al5Oy, created using
method 1 and annealing at 1400°C (a) or 900°C (b, ¢) and using
method 2 and annealing at 900 °C (d). (a, b, d) SEM images, showing
the size distribution of the nanocrystals. (e, f) XRD spectra of powders
produced by methods 1 and 2, respectively (solid blue lines), and the
corresponding reference spectrum (JCPDS No. 30-0040; red circles)
for YAG. (c) 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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mass by observing the increase in radiative lifetime as the
particle sizes are reduced. As known from relations such as
the Strickler-Berg equation [33], the radiative lifetime 73, 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 radiative
lifetime[20,34,35]. Consequently, we expect to observe an
increase in the fluorescence lifetime as the average particle
size in our powdersisreduced. 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 fluorescence 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 Ty accordingto 1/ T, = (1/ 1) neff(nﬁff +
2)%/9, with n.g being an effective index of refraction averaged
over the surrounding medium within a distance of 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 neg
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 the electric field
outside the particle decays as E(r) = Eoe™T over the decay
length I, which is equal to the evanescent field decay length
outside of a bulk dielectric given by I = Ao/27+v/n? — 1 [37].
Here » 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 nonzero electric
field.

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. 7. We find that
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FIG. 7. Particle-size (d) dependence of the radiative lifetime of
the °D, 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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FIG. 8. Particle-size dependence of the inhomogeneous line
width 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. Solid lines are guides for the eye.

the measured lifetimes in our samples agree reasonably well
with the calculated dependence (Fig. 7). With 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 that of the bulk crystal, indicating that some degree of
agglomeration is present. With 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.

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 Dy a/b — "Fsa/b. As shown
in Fig. 8, we observed that with both fabrication methods,
the smallest nanocrystals feature an increased inhomogeneous
broadening compared to the bulk. This increase, which was
expected due to the 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 with the
emergence of relaxation that is facilitated by amorphous phases
and surface defects (see the text). However, as shown in the
inset in Fig. 8, 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.

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 by the surface resistance of the small particles
contained in the powder [38—40]. These effects could lead to
a locally elevated powder temperature, especially when the
powder is probed using a high-power laser. An elevated sample
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FIG. 9. Ratio n,/n; of populations in the ground manifold
TFg b /a levels as a function of the temperature T, read by the cryostat
sensor for a bulk crystal (black circles) and nanocrystalline powder
samples with diameters d = 124 4+ 30 nm, produced by method 1
(blue squares), and & = 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 the large uncertainty of the fit to that particular
absorption spectrum.

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 "Fea,b — 5D4 f and
comparing the populations »n; and #n, on the first and second
crystal-field levels “Fg @ 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/n; = Aexp{—A,/kzT}, with kp the
Boltzmann constant. We obtained the coefficient A, which de-
pends on the relative oscillator strengths of the transitions, from
a calibration measurement using a 1% Tb: YAG bulk crystal,
which we assumed to thermalize quickly to the temperature Tyt
that was measured by the cryostat sensor. The temperature-
dependent population ratio ny/n; is shown in Fig. 9 for a
selected set of nanocrystals. The close overlap between the bulk
and the 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 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 inthe relaxation
dynamics measurements (as in the text) are also the same ions
that are used to measure the temperature.
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Solid-state laser cooling of optically levitated particles
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ABSTRACT

Ultra-high sensitivity sensors can be achieved with optically levitated particles in ultra-high vacuum (UHV). Trapped
particles act as high-Q harmonie oscillators, whose amplitude, position, and frequency can be monitored to provide high
sensitivity measurements of the particle’s acceleration. Larger particles (10-30 microns in diameter) provide higher
sensitivity, but they are difficult to trap in UHV without particle loss. To overcome the radiometric forces that lead to
particle loss, rare earth (RE) ion dopants can be incorporated into the particles to enable solid-state laser cooling of the
particle’s internal temperature. The laser used for optical trapping can be tuned to a wavelength on the lower energy side
of the ion absorption band, and thus also serve as the pump laser for solid-state laser cooling. Internal cooling occurs
when the average energy of the photons emitted is larger than the average energy of the photons absorbed. Ions will
rapidly thermalize while in the ground and the excited states to create the energy difference. Solid-state laser cooling has
been realized in bulk host materials and is well understood. This technique of internal cooling for reducing loss pressure
is currently being tested.

Keywords: Optical Trapping, Particle Levitation, Anti-Stokes Cooling

1. INTRODUCTION

Optical levitation has been used since 1970 when Arthur Ashkin trapped the first particles at Bell Laboratories using a
focused continuous wave laser beam.! Before Ashkin's groundbreaking work, it was unknown that a 3-dimensional
optical trap could be used to study particles with only radiation forces. Now commonly known as optical tweezers, these
fraps are used to study atoms, molecules, variously sized dielectric particles, and even biological cells. Levitated
particles could also serve as ultra-high sensitivity sensors, with industry applications such as inertial navigation systems
(accelerometers and gyroscopes) and time-keeping (PNT) technology. To achieve high levels of sensitivity, large
particles must be levitated in ultra-high vacuum. However, the current technique for levitated particles is to first trap
them at atmospheric pressures. Levitated large particles become unstable during the pump down to vacuum due the
absorption of the trap laser causing internal heating of the particle and producing strong radiometric forces that kick the
particles out of the trap. Therefore, finding a way to counteract this heating is essential to maintaining a stable trap
during pump down to high vacuum.

2. RADIATION FORCES

Radiation pressure 1s simply the pressure exerted upon any surface due to the exchange of momentum between the
object and the electromagnetic field. When a flat laser beam strikes a murror normal to its surface, the momentum of
each incident photon, hv/c, where ¢ is the speed of light in vacuum and v 1s the frequency of the light is reversed.
Collectively, a flux of photons P/iv photons per second on a surface, where P is the incident power creates, due to
reflection from the mirror, a total change in momentum per unit time of 2P/c. By conservation of momentum, this
produces a force of 2P/c on the mirror. In Ashkin's seminal paper on this subject.! he describes the radiation pressure on
particles due to a focused light beam. Ashkin showed that in addition to the longitudinal radiation forces exerted on the
particles in the direction of the laser beam as described above, there was an additional transverse radiation force on the
particles in the direction of the center of the focused laser beam. These transverse restoring forces produce a two
dimensional potential well about the center of the laser beam. By using two counter propagating focused laser beams,
Ashkin showed that the longitudinal forces could roughly cancel and produce a potential well in the longitudinal
direction and thus produce a three dimensional well for trapping particles. This phenomenon is most easily described in
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the ray optics regime, which holds then the radius of the particle is much larger than the wavelength of the pump laser,
which 1s the regime of interest when trapping large particles. For particles with radii less than or on the order of the
wavelength of the trapping beam, optical levitation 1s also possible, though better described using Rayleigh and Mie
scattering theories.

In the geometric optics regime, where the particle radius, R, is much larger than the wavelength of light, A, we can utilize
ray optics to help in our descriptions of the radiation pressure force. We consider a sphere that 1s entirely refractive with
no reflective properties at this time. Figure 1 shows the sphere in the presence of a laser beam with two individual rays
striking the sphere, « and b, equally displaced from the equator of the sphere. The rays can be thought of as momentum
vectors. If we track single photon momentums along these two paths, we see that on the output, the “a” photon is
deflected down, and the “5” photon 1s deflected up. To get the change in momentum imparted on sphere by each photon,
we subtract the output momentum vector of the photon from the mput momentum vector. The two photons impart a
change in momentum, Ap;, onto the sphere in the positive longitudinal direction. The change in momentum imparted per
photon in the transverse direction, Apy, are equal and opposite. However, if we consider the intensity of the laser beam,
the photons per second with ray « is much higher than the photons per second with ray A. Thus, net transverse force, Fg,
due to the transverse gradient of the laser beam is towards the axis of the laser beam. The net force on a particle can be
calculated by considering all possible rays with their respected photon fluxes due to the intensity gradient of the beam.
This is done in a computer code (called OTGO) developed by Agnese Callegari, et. Al?

Figure 1. The ray tracing and momentum changes due to propagation of a laser beam with a strong intensity gradient of radius
smaller than the particle diameter. The figure is similar that of Ashkin’s original paper [REF]. The combination of the change in
momentum per photon and the transverse gradient of the laser beam results in two net forces: a gradient force towards the beam
axis and a scattering force in the direction of the laser beam’s propagation.

Only when the sphere 1s centered on the laser beam’s axis are the net transverse gradient forces zero. In all positions
there is still a net longitudinal scattering force, Fs, in the direction of the laser beam. Thus, for a single laser beam
passing through a particle, these combined forces will push the particle not only in the direction of the laser beam, but
also towards the axis of the laser beam. This transverse gradient force acts as a restoring force to trap the particle along
the axis of the laser beam.

If a focused laser beam was pointed upward in a gravitational field (pointing downward), and the optical power level and
focused beam waist are appropriately chosen, a stable point can be found above the focal point of the beam where the
gravitational force and the scattering force balance. Above and below this point, either the gravitational force or the
scattering force dominates, resulting m a restoring force back to the balance point. Thus, a three dimensional
gravitational vertical optical trap can be achieved.?

If two counter-propagating focused beams are used, the longitudinal forces of the two beams are in opposite directions.
If the two beams have the same foci, the scattering forces would cancel at all positions. However, if a separation is
introduced between the foci, as shown in Figure 2, the scattering forces don’t cancel. For the right propagating beam, the
scattering forces are strongest as the beam’s focus. At the right propagating beams focus, the scattering force of the right
propagating beam is greater the opposite scattering forces of the left propagating beam at this point, since it is away from
its focus. The result is that a particle at the focus of the right propagating beam’s focus would have a net force to the
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right. Likewise, particles at the focus of the left propagating beam would have a net force to the left. At the center point
between the two foci, the forces cancel. This results in a stable longitudinal trap of the particle.

FS FS
— -l
e f—

Figure 2. Two counter-propagating focused laser beams for an optical trap.

The Rayleigh regime (R << A) and Mie regime (R ~ A), the ray optics description breaks down. In the Rayleigh regime,
the small spheres are treated as dipoles and the dipole forces that result in trapping can be calculated analytically.* In the
Mie regime, Lorentz-Mie theory is used. The necessary mathematical calculations can be quite detailed to represent. We
utilize MATLAB code from Christian Mitzler to model this regime,” but further discussion is omitted at this point since
we are focused on large particles.

2.1 Radiometric forces and importance of cooling

A frapped particle will always have a finite optical absorption. As such, the strong trapping laser intensity mside the
particle will induce heating of the particle. At atmospheric pressures, the air or buffer gas swrrounding the optically
trapped particle conducts the heat away and the particles temperature is on the order of the surrounding gas temperature.
As the pressure is lowered, the conductive cooling of the gases decreases and the temperature of the particle increases.
Gas molecules colliding with the particle carry away more kinetic energy than they had before the collision. Radiometric
forces arise from temperature gradients on the surface of the sphere. Differential surface temperature result in differential
force acting on the particle, which create instabilities that can result in the particle being kicked out of the trap. At ultra-
high vacuum these forces diminish, but to get from trapping at atmosphere to ultra-high vacuum, the particle must go
through the transition of strong radiometric forces. The main result is losing the particle from the trap at a certain gas
pressure, which depend on the particle size, shape, and composition and on the laser intensity, as well as the other
trapping parameters. Figure 3 shows this effect. Loss pressure is defined as the pressure at which a particle is lost of the
optical trap while evacuating the trapping chamber. The loss pressure increases rapidly with increasing laser intensities.

1000 : .

« Loss Pressure

0 . :
9 Q 10

[(W/m’)

Figure 3. The average chamber pressure when 3 micron spherical particles are lost as a function of laser intensity. Each point
represents the average loss pressure for 5 trapped particles at a given intensity. (from David Atherton’s PhD dissertation®)

To combat these instabilities, common solutions include reducing the trap intensity and trapping small particles. Our
interest 1s in increased sensifivity of precision sensors for accelerometry or gyroscopes, which improve with large
particles. Our solution to combat radiometric forces and the issues of loss pressure is to introduce rare-earth dopants into
the fabrication of our particles and implement solid-state laser cooling. Solid-state laser cooling is well known and will
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be discussed in detail in Section 3. The first demonstration of cooling of trapped particles by solid-state laser cooling
was from Barker’s group Yb*“YLF nanocrystals.” By keeping the particles relatively cool as the particle is transitioned
from atmosphere to high-vacuum, the radiometric forces will be greatly reduced, hopefully to a level that particle loss on
vacuum pump down will not be an issue.

3. MATERIAL SCIENCE & COOLING DEMOS
3.1 Bulk cooling theory

Solid state laser cooling of rare earth doped host materials (crystals and glasses) has previously been realized by several
researchers in bulk host materials.® The cooling results from pumping the rare earth doped materials with photons that
have less energy than the photons that are emitted due by fluorescence. This process is possible due to vibrational modes
of the host material, which populate higher energy levels of the ground and excited state manifolds. The net release of
energy reduces the internal temperature of the particles. The appropriate wavelength must be chosen within the
absorption bands of the Rare Earth dopant. Figure 4 shows a simplified model of solid-state laser cooling. A laser is used
to excite ions from the thermally excited levels of the ground state to the lowest level of the excited state. Rapid
thermalization of the excited state populates thermally excited upper state levels, which can then decay to the ground
state, on average fo levels below the initial level that was excited by the laser. Therefore, the photon emitted confains
more energy than the excitation photon, which results in a net removal of energy. Rare earth ions that are good for laser
cooling have a large energy gap between the ground state and the first electronic excited state and have long-lived
excited states that decay optically with small quantum defect, such as thulium, erbium, and ytterbium.
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Figure 4. Basic concept of solid-state (anti-Stokes) laser cooling. The absorbed light from a thermally excited ground state level
to the lowest excited state level and subsequent emission from a thermally excited state level to a lower ground state level results
in a net loss in energy from the material.

3.2 Bulk cooling demonstration of Yb:YAG

We have chosen to focus efforts on vtterbium doped yttrium aluminum garnet (Yb:YAG) particles. To demonstrate the
potential for anti-Stokes cooling in Yb:YAG particles, we first demonstrated mn a bulk lmm diameter crystal rod. A
standard silicon CCD camera with interference filters was used to create a two-color hyperspectral imaging system to
observe the laser excitation at 1030 nm and material fluorescence at 950 nm. Figure 5 shows these efforts along with a
thermal image of the rod when a 200 mW laser was tuned to resonantly excited the Yb*" ions. The ambient temperature
in the room was 74°F and as shown in the far right panel, no significant observable heating was observed.
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E
Figure 5. Imaging of Yb**doped YAG crystals under laser excitation traveling down the center of the rod. a) Yb3*YAG single
crystal rod (1 mm diameter) under laser excitation by 200 mW of non-resonant laser light at 1040 nm as seen through a ~950nm
filter. Minimal fluorescence is observed. b) Observation of ~950 nm anti-Stokes fluorescence from Yb**ions as laser is tuned
near resonance at 1030 nm. ¢) Strong anti-Stokes emission observed when laser is tuned to peak of resonance at 1030 nm. d)

Thermal image of crystal with 200 mW of on-resonance 1030 nm laser light. demonstrating no significant heating of crystal
relative to ambient temperature (74°F) even when laser light is strongly absorbed.

3.3 Fabrication of doped particles

We have developed fabrication methods to produce Yb:YAG particles that are large in size ( 5-30 microns). Figure 6
shows SEM images of Yb:YAG particles that have been fabricated. In addition, we are exploring fabrication methods for
other materials that could be utilized for optical traps. Figure 7 shows birefringent vaterite crystals (CaCO3) with sizes
ranging from 1-30 microns. These microspheres have been successfully doped with rare-earth ion Eu®*. The right panel

in the figure shows the visible fluorescence marker.

Figure 6. Top Left: 3240x Magnification Yb:YAG, Scale 10um. Top Right: 18560x Magnification Yb:YAG. Scale 2um. Bottom
Left: 21560x Magnification Yb:YAG, Scale lum. Bottom Right: 49310x Magnification Yb:YAG #1. Scale 200nm.
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Figure 7. Examples of spherical particles of birefringent vaterite crystals (CaCO3) fabricated at MSU. Left: Typical microspheres
produced with sizes in the 1 to 10 micron size range. Middle: Example of larger ~30 micron diameter vaterite microsphere
produced by increasing growth time. Right: Example fluorescence image of rare-earth-doped vaterite particles produced with
Eu’* ions used as the fluorescence marker, demonstrating the ability to dope the vaterite microspheres with rare-earth ions.
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3.4 Thermometry demonstration

To observe the anti-Stokes cooling in trapped particles a simple setup was first created to test the ability to measure the
temperature of a bulk crystal through fluorescence thermometry. The fluorescence of each transition depends on relative
level populations determined by Boltzmann’s distribution. The ratio of Yb** fluorescence for two different transitions
was measured while pumping at the 1030 nm cooling transition. Two 10 nm band-pass filters centered at 940 nm and
970 nm were used. Figure 8 shows the experimental setup in the left two images along with results on the right-hand
side. With a simple setup and calibration in the bulk materials, the temperature of trapped particles can be measured
using this technique to within a few degrees.
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Figure 8. Left: Optical thermometry setup Right: Results from fluorescence thermometry experiment showing a linear
relationship of the fluorescence ratio at high temperature.

4. OPTICAL TRAPPING EXPERIMENTAL SETUP

Optical trapping involves multiple intricate processes that must fit together to conduct a single experiment. This section
will describe our launching mechanisms of microspheres, our optical trap design and implementation. Trapped
microspheres will be shown in Section 5.

4.1 Launching microspheres

We implemented two launching methods during the experiments. The first method utilized a microscope slide mounted
to a piezoelectric ring placed between an aluminum base and aluminum top that is secured with four plastic 8/32"
screws. The piezoelectric ring is connected to a function generator, which produces a sine wave. It was determined that
a resonance of ~33 kHz to accelerate micro-spheres off the microscope slide. The aluminum base is secured to a tip/tilt
stage with a 1" base which allowed for adjustment of the angle of the slide. The problem with this method was the broad
area over which particles were launched, which was inefficient i its use of particles. Given the potential for a limited
quantity of fabricated particles, two other designs were explored in order to get more efficient launching of particles into
our trap region.

The second method utilized an aluminum bar as the launching arm instead of the microscope slide. We went through two
iterations on this design. The first iteration used a milled reservoir to hold the particles with a small drop hole in the
center, as shown at left in Figure 9. The problem with this design was that imperfections in fabrication led to the
particles either congregating around the outside of reservoir or all at the center, even with fine tip-tilt adjustment. The
second iteration kept the reservoir for the particles, but to create a trenched channel, out of which the particles could
flow, as shown in the middle and right pictures in Figure 9. The narrow 0.4mm channel allows for efficient dispersing of
the launched particles into the trap region. A small piezoelectric transducer (Smm x Smm x 2.4 mm) vibrated the
launcher. An Arduino controlled chirped drive circuit enabled computer controlled (Matlab code triggered) pulsing of
the particle launching. The amplitude of the driver and the tip-tilt control of the launcher allows for fine control of the
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quantity of particles launched with each pulse. The result was a very efficient launcher. This will be more important
when the loss pressure measurements are undertaken, as multiple load cycles are needed. Efficient loading means far
less refills of the launcher are required. The computer control of the launcher circuit and efficient loading combine to
allow for the loading process to be automated (see SPIE paper by Alec Dinerstein in this same conference).

Figure 9. Left: Launcher with reservoir and small drop hole. Middle and right: Launcher with reservoir and trenched channel.

4.2 Horizontal dual-beam optical trap

The horizontal dual-beam trap configuration utilizes the gradient and scattering forces of the two laser beams to create a
stable three dimensional trap, as described above in section 1. If the two beams are not aligned correctly (i.e. focused
aligned on same axis and separated by an appropriate distance) the configuration will not form a stable trap, thus
position control of the optical beams is critical.

Figure 10 shows a schematic of the horizontal dual-beam optical trap in air. A 1030 nm laser diode is expanded through
a telescope and passed through a Babinet-compensator (BC) to balance the powers of the two counter-propagating
beams that are created from the polarizing beam splitter (PBS). Two identical 8 mm aspheric lenses are placed inside the
vacuum chamber to focus each laser beam. One lens is placed into a stationary mount and another is placed into a mount
attached to an XYZ-translation stage. The two beams are aligned using a 5-micron pinhole attached to an XYZ-
translation stage that could be inserted between the lenses for alignment and removed for trapping. Our launching
mechanism described above is placed between the two lenses.
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Figure 10. A schematic of our horizontal dual-beam optical trap for trapping microspheres in air and vacuum. A single 1030 nm
laser beam is split into two counter-propagating beams (B1 and B2) with a polarizing beam splitter (PBS) and balanced in power
with a Babinet-compensator (BC). The beams enter the vacuum chamber and each pass through an 8 mm aspheric lens. The
component library from gwoptics was used to create this diagram.
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5. CONCLUSIONS/FUTURE WORK

Figure 11 shows a successfully trapped particle in our horizontal optical trap. Our new launching system allows for
efficient, computer controlled loading of particles, with fine control of where the particles drop into our trap region. We
have fabricated a wide range of particles for demonstration of anti-Stokes laser cooling of levitated particles and
developed a simple calibrated method for measuring particle temperatures.

As work continues, the next steps are to tune the lasers as we measure the temperature of large trapped particles. This
will enable us to show anti-Stokes laser cooling of our particles. Once we have demonstrated cooling, we plan to show a
reduction or elimination of the loss pressure that inhibits the pumping down of the vacuum chamber to high vacuum.

Figure 11. Trapped soda lime glass microsphere (5-25 micron diameters) in horizontal dual-beam optical trap.
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CHAPTER 13

SUMMARY

Studying rare earth ions in solid state crystal structures for fundamental discoveries and
industrial application is an interesting and complex science. They can be studied to probe the
quality of a crystal’s synthesis and fabrication process or used to store coherent information on
the electron spins for quantum transduction. The REIs are used commercially for worldwide
optical communication and the production of extreme wideband radio frequency sensors and
signal processors.

In this work the optical properties of REI doped insulators are the focus. Several
characterization methods were used to determine critical aspects of REI doped powders and
single crystals. High resolution spectroscopy was the main tool used to characterize the
materials, using an array of coherent and conventional techniques. The spectral properties of
triply ionized erbium, thulium, terbium and ytterbium were characterized at liquid helium
temperatures. Linear and coherent techniques were used as sensitive methods to assess the
effects of the mechanical, thermal, and chemical processes used to synthesize the materials. The
optical spectral features of REIs dopants gave an insight into how the host material’s atomic
structure holds the REIs. Static and dynamic defects are characterized using spectral properties,
allowing a deeper understanding of the fundamental aspects of the REI and the host materials.
The optical characterization is also used as a method to provide feedback to the synthesis and
processing of the material, to improve the next crystal or powder growth.

Material crystallinity and phase were determined using x-ray diffraction. Scanning

electron microscopes were used to image the powder particle’s size, shape and growth structure.
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Birefringence was used to quickly orient lower symmetry crystals by viewing the optical axes of
the indicatrix. And birefringence images were also used to view strain and defects in single
crystals. Chemical analysis was determined by glow discharge mass spectroscopy and laser
ablation inductively coupled plasma mass spectrometry.

To engineer a material, one can introduce similar ions into the lattice of a known or
similar host. This can be done by gradually changing the chemistry in the case of YyLuxAlsO12 or
1%Eu, 0.01%Er:Y2SiOs or by completely replacing an ion as Ga replaces Al in Y3GasO12 and
Y3AlsO12 shown in Chapter 6 and Chapter 8.

The synthesis and fabrication of the material was shown to be as important as the choice
of material itself. Even single crystals such as Tm:YGG used in Chapter 6 can have significant
differences depending on the parameters used in the Czochralski growth method, as discussed in
Chapter 2. Materials that have industrial applications often have the production optimized
enabling very high-quality material such as the single crystals of Er:YSO used in Chapter 5 as
material for optical to radio frequency quantum transducer or the Yb:YVQO4 characterized in
Chapter 7 for next generation quantum memories built into a chip size device.

High-quality material can also be produced in the lab with good technique and care. This was
found to be especially true for the powders materials such as Tm:YAG, Er:LN and Th:YAG
presented in chapters 9, 10, and 11. We found that low levels of strain and defects in the crystal
lattice that are not measurably detected by XRD or SEM analysis can still produce large
variations in the observed low-temperature dynamics of the powders observed using SHB
techniques, significantly impacting the performance of the powders in applications. Thus, SHB

can serve as a quantitative characterization tool, complementing traditional techniques such as
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XRD, SEM, or Raman scattering. Our results also demonstrate that mechanical and thermal
treatment of REI doped crystals can reverse some detrimental effects of powder fabrication, such
as minimizing the reduction in lifetime of nuclear spin states, in a surprisingly strong way, and in
certain cases, the properties of the bulk material can be reached.

Choosing the best host material is not simple. The number of available host materials are
almost uncountable, but they can be put into a few very general classifications; crystals, glass,
ceramics, and organics. For long coherence properties crystals are the usual choice. Surveying
the REI doped materials, we find that high resolution optical spectroscopy such as spectral hole
burning, and other coherent methods are well-suited to reveal the quality in REI doped powders
and crystals. The optical techniques combined with external fields also allow the materials to be

fully characterized for their practicality in classical and quantum information systems.
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