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(a) A schematic of an optical ring resonator hosting an array of atomic segments
forming a lattice commensurate with the emission wavelength resonant with the
cavity. (b) The input (Ei,), transmitted (E) and reflected (E}) light intensities
for a pulse propagating through the bus waveguide coupled to the resonator. An
atomic lattice consists of 100 segments with spacing of A is considered. (¢) A pulse
of light resonant with the resonator can be amplified or deamplified depending
on the initial state of the atoms and atomic spacing. o and oy, denote the
atomic population in excited state |¢) and ground state |g), respectively. The
simulation parameters used are : ¢g/I' = 0.5, dJw = 0, N = 15 and propagation
time ¢/r¢; < 2n/I" where ¢ is the velocity of light in vacuum and r is the radius
of the ring resonator. . . . . . . . . .. L

(a)Intensity of the emission light from an ensemble of 60 and 100 atoms inside
the resonator. Inset is a plot of atomic population and coherence as a function of
time. (b) Maximum emission intensity as a function of total atom number in the
cavity for 100 atomic segments with different width of local atomic distribution.
Simulation parameters include: cavity decay rate, x = 108y, atomic decoherence
rate ' = 0.01k, light-atom coupling strength, and ¢/T'=05. . . . . ... ...

(a)The level diagram of a three-level atom considered with two pump light de-
riving two A transitions creating photons in modes a and b in two directions. (b)
A 1-D representation of the light-atom interaction for two arrays of atoms onc
commensurate and one incommensurate with the intra-cavity light whose also
resonant with the Raman transition of the atoms. (¢) The normalized probabil-
ity amplitude of emitting bi-photons in the same direction is plotted as a function
of lattice constant for 5 and 100 atoms interacting with the intra-cavity light.

The amplitude (a) and phase (b) of ©(k) as a function of the incommensurability
constant ¢. The gray curve shows amplitude and phase of ©(k) for an atomic ar-
ray out of the resonance with the optical wavelength. Results plotted considering
100 segments with A =0.2. . . . . . .. .

The difference in effective coupling (energy gap) of the two clockwise and counter
clockwise modes. . . . . . ..

Schematic of the designed active SiN ring resonator.lsotopically pure
168Fr jons are implanted as an array inside a microring cavity. The segments
are separated by multiples of the wavelength of Er emission. At each segment
with a width much smaller than the wavelength, around 10* ions were implanted
along the diameter of the ring. A photonic crystal mirror is used to increase the
collection efficiency to the lensed fiber on the left (output port). The excitation
pump enters the ring either from the drop-port or the mirror-side waveguide using
another lensed fiber. . . . . . . ..
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(a) Result of numerical simulation for total field intensity (T + R = |&(z =
0)> + |€;(z = L)|*) as a function of atom spacing from a lattice of atoms, which
is normalized to that of a random atomic distribution. In this simulation, 15
atomic segments were considered. (b)Emission probability plotted using Eq.6.3
for n; =0.25,1.25 and 2.5 (solid lines). The dashed line shows the Beta prob-
ability function approximately describing the decay of the probability at high
cooperativities. . . . . . . . L L L e

(a) Schematic cross section of the SiN resonator with Comsol simulation of the
mode with effective index 1.58 shown in the inset. (b) Experimental setup show-
ing two lensed fiber preciscly controlled inside the cryostat using nanopositioncers
to couple light in and out of the sample. Inset shows the SEN of the ring res-
onator wall with smooth etching and u-grooved for fiber-to-chip coupling. . . . .

(a) Measured cavity transmission for the two orthogonal polarization. As the
waveguide and ring are design for the TM mode, TM has the highest coupling
while TE has the highest Q factor. The free-spectral range (FSR) of the two
TM and TE modes and effective mode indices match the COMSOL calculations.
The inset shows the fitted Lorentzian cavity transmission for TE (blue) and TM
(orange) modes. (b) Photoluminescence decay of ions in the resonator is shown
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emission photon number at 1521nm (near the near the Bragg resonance ) to that
at 1532 nm (near the typical Er emission) as a function of temperature. Inset
shows the temperature dependency of the emission ratio with a dashed line fitted
to guide the eye. (b)The PL lifetime is shown for 4K (blue circles) and 300K (red
squares). The longer PL decay time around 1535nm is associated with enhanced
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PL Emission of Er ions (green square) and pump transmission spectrum (red
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(a)The ratio between the peak emission photon number at 1521nm to that at 1532
nm as a function of pump laser power. Here, for the iCL (ringC), near 1520nm,
the emission ratio does not depend on laser power, but for the CL (ringB) the
ratio increases with laser power and then saturates. Such nonlinear response
across the emission spectrum in the CL is expected when emission exceeds the
re-absorption probability in the CL. (b) Normalized emission (probability) as a
function of spacing parameter, (, is plotted for ringA, ringB, and ringC (see text
for details). Here ringA and ringB satisfy the CL condition near 1520nm while
ringC does not. The dashed lines are Gaussian and Lorentzian fits to the regular
and Bragg resonance emission profiles, respectively. . . . . . . ... ...

(a) Transmitted spectrum of the pump light through ringA with fitted Lorentzian
width of 2.6 £0.1GHz. (b) Emission spectrum near cavity resonance at 1520 and
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with asymmetry described by Fano parameter. The asymmetry in the lineshape
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(a) A one-dimensional array of atomic scatterers is created inside an Er doped
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detector (SPD). A magnetic field of 200mT was applied parallel to D1 axis for
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with a standing wave light. (c¢) Simulated coherent reflection of probe light as a
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a) The population lifetime measured by observing the area of the spectral hole
probed at different delay times after pumping. Inset shows the linewidth of a
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ABSTRACT

Rare-earth ions in crystalline hosts have been identified as attractive media for quantum
optical applications where record-high coherence times, quantum storage efficiency in solids,
and quantum storage bandwidth have been demonstrated. Among rare-earth ions, Erbium
uniquely possesses optical transitions at 1.5 um region, making it suitable for integration with
fiber telecommunication and silicon photonics. However, the intra-4f optical transitions are
parity forbidden for rare-earth ions. Although, transitions are observed due to the interaction
of the 4f valence electrons’ energy levels with crystal fields or the lattice vibrations, the
photon emission rate is prolonged for these ions. For example, Er3t excited state lifetime
for 1530nm transition is ~ 10ms, which is about a million times longer than the excited
state lifetime of alkali atoms like cesium and rubidium. There have been some recent works
showing enhanced emission rate of erbium ions by ~ 10? times by building a nano-photonic
cavity to reach high Purcell factors. Our alternative approach to solving this problem is to
use an ensemble of ions instead of a single ion to induce collective interactions in a suitable
platform. In one experiment, we fabricated a SiN micro-ring resonator and implanted 10*
isotopically pure '8 Er ions in narrow segments located precisely in solids. The segments are
typically separated by 0.962nm corresponding to multiples of the wavelength of Er emission at
1520nm. And we showed that when the lattice of ions is commensurate with the wavelength
of the light, the scattering loss caused by the other ions is reduced. We have demonstrated
for the first time that how designing atomic geometries in a solid-state photonic system can
reduce the radiative loss due to spontaneous emission of ions into other photonic channels.
This phenomenon is analogous to the Borrmann effect seen in x-ray transmissions of crystals
at the Bragg angle of incidence. We have also shown how the interference between the
optical cavity mode and atomic Bragg mode generates Fano-type resonance features. We
performed these measurements using erbium ions in the SiN host. The limitations such as
low coherence time and large inhomogeneous broadening in this platform prohibit observing
cooperative and quantum behavior. To improve the optical property of erbium ions and
study other cooperative effects, we engineered an effective ion array in an Er-doped Yttrium

Orthosilicate crystal which can exhibit higher coherence time and narrower inhomogeneous
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broadening compared to SiN. So, we used the spectral hole burning technique to make an
atomic grating in randomly distributed Er ions inside YSO. Two counter-propagating pump
pulses created a standing wave inside the crystal, which enabled the creation of spectral holes
only near the antinode locations. At the same time, atoms near nodes remain in the ground
state. Such atomic population grating behaved like an atomic array. We have seen coherent
backscattering up to 20% of the incident probe from this atomic grating resembling a mirror.
To increase the reflection efficiency, we tried to increase the ion concentration in the YSO
crystal. But, at high concentrations, the dipole-dipole interaction increases the broadening
and decoherence rates of the ions. To increase the optical density without increasing the
ion concentration, we fabricated long waveguides in SiN and LiNbOjz with rare-earth ions
implanted inside.As a future direction, we are trying to increase the reflection efficiency from
the atomic grating to the point where we can see atomic mirror-assisted light trapping. We
are also trying to see long-range co-operative behavior from rare-earth ion-doped crystals
and rare-earth ions implanted inside long waveguides. This can open possibilities of new
quantum photonic device engineering for applications in scalable and multiplexed quantum

networks.
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1. INTRODUCTION AND MOTIVATION

There has been extensive interest in studying light-atom interactions for different applica-
tions, including quantum information, quantum computing, and long-range quantum com-
munications. Much research is going on to generate and store optical qubits. To explain the
motivation behind my thesis, I would like to discuss more about quantum communications.
The idea of quantum communications is sharing entanglement or secure keys between two
parties connected by quantum or classical channels [1], [2]. A quantum state of light con-
structed, for example, as superposition or entangled combinations of horizontal and vertical
polarizations of light can be used to carry quantum information between parties [3].

The main advantage of quantum communication is that it is fundamentally secure. If
an eavesdropper tries to steal the information, it can be detected. So, if we have Alice, who
encodes her information in terms of any superposition states of light and send the information
to Bob, the laws of quantum physics allow Alice and Bob to communicate securely. In this
process, because quantum information cannot be copied or amplified, Alice and Bob can also

detect presence of an eavesdropper in the channel [4].

Figure 1.1. Integrated Quantum Communication network with communica-
tion nodes and quantum memory.

A more advanced quantum communication system, can be achieved where entangled pho-
tons are used to teleport quantum information from Alice to Bob without directly sending
the quantum states carrying information to Bob. But the main challenge in quantum com-

munication is that quantum information is sensitive to loss. And because such information
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can not be amplified, we cannot propagate these photons for a very long distance due to loss
from absorption and scattering. As a result, multinode links are proposed to relay quantum
information over long distances. A network of nodes in 1D or 2D that enable distribution of
quantum entanglement over long distances is referred to as quantum repeaters.

For example, the photons can not be sent directly between two far communication nodes
(represented as blue dots in fig 1.1) for information transfer. This is due to loss from ab-
sorption and scattering which increases with propagation distance. This loss is significant
limitation for long-distance quantum communication. That’s why stations are needed con-
necting these dots, and, in each station, quantum memories (green dots in fig 1.1) are installed
to relay the quantum information effectively [5], [6]. Primary devices needed for this long-
distance communications are photon sources, quantum memories, quantum repeaters, and
detectors, all working at the same wavelength. The least developed technology is quantum
memory and thus it is a critical challenge in the field. [7], [§]

Our approach is to work on solid-state quantum memory to tackle this problem. We
chose solid-state platforms because it is possible to miniaturize quantum optical elements,
which enable us to in principle build many devices in a small area. Among quantum memory
qubits, our main interest is to work with rare-earth ions for several advantages they have.
One of the main advantages of using rare-earth ions is that they have smaller size than
defects like Nitrogen-Vacancy (NV) center and quantum dots [9]. Because of the small size
and shielded valence electrons of rare-earth ions, not only we can have a greater number of
emitters, but also these emitters maintain their property relatively well inside a solid host.
Another advantage is it is compatible with many fiber infrastructure and silicon photonics [7],
8], [10]. These ions can be doped or implanted in Silicon photonics and crystals, including
YSO, YAG, LiNbOs3.

Another vital advantage of erbium is the presence of optical transition in the telecom
band, which is helpful for fiber-based quantum communication applications. Fused silica
fibers have minimum optical loss around 1550 nm wavelength. The mainstream telecom
industry is heavily built with these optical fibers. So, a natural optical transition with good

coherence properties at these wavelengths makes erbium ions a great candidate for quantum
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information and communication applications. Erbium also has good optical properties in
some hosts having a long coherence time, as shown in various recent publications.

This thesis explores the possibilities of erbium ions as suitable quantum emitters in solid-
state platforms for quantum applications. This thesis also investigates using an ensemble of
Er ions and their geometric structure to enhance light atom interactions and build an atomic

array for low loss, efficient quantum memory.

1.1 Thesis Outline

The primary approach in this thesis was to explore the potential of Erbium ions in a solid
medium for quantum communication and quantum storage applications. All the experiments
and results are presented to help realize this goal. The thesis is organized as follows:

Chapter 2 describes the basic properties of rare-earth ions and their interaction with light
in solid hosts. The static and dynamic interactions of rare-earth ions are presented, essential
in determining coherence and storage properties in the solid-state medium.

Chapter 3 focuses on light atom interactions in free space and inside the cavity. The
quantum optics theory is discussed from one atom in a single photonics mode to many
atoms with clock-wise and anti-clockwise electromagnetic fields inside a cavity. Different
important cavity parameters like FSR, finesse, (Q factor are also discussed in this chapter.
This chapter ends with a brief discussion of other quantum memory protocols used in this
thesis in later experiments.

Chapter 4 explains the experimental techniques used for the experiments. These tech-
niques include working at ultra-low temperatures, detecting single photons, two-pulse photon
echo technique to determine coherence properties, homodyne and heterodyne measurements,
generating different pulse shapes with accousto-optic modulators (AOM) and Electro-optic
modulators (EOM), imaging systems, and fiber to chip coupling techniques. These exper-
imental techniques were helpful in successfully conducting various experiments and getting
the desired results.

Chapter 5 details our theoretical investigation of a novel regime of light-mater interac-

tion, wherein collective and cooperative coherent excitations can emerge from the interaction

20



between engineered arrays of atoms. We consider an array of rare-earth ions precisely im-
planted into a solid-state photonic resonator. By designing the geometry of the ions within
the resonator, we control the interference between the optical modes. The approach enables
control of loss, absorption, and emission and may lead to the construction of on-chip quan-
tum memories. Our theoretical study suggests photon generation and storage dependency
to atomic geometry in an optical resonator.

Chapter 6 shows the experimental demonstration of the theoretical research in the pre-
vious chapter. In this project, an atomic array composed of up to 1000 implanted segments
of erbium ions with telecom transition was designed, and optical characterization at 4K was
done. This chapter experimentally demonstrates that using precision ion implantation in sil-
icon nitride materials, arrays of rare-earth ions can be engineered to study collective atomic
resonances.

In the above experimental project, we were looking at the SiN host. But SiN is an
amorphous host, and implanting ions further degrades the optical properties. To improve
the optical property and study other interesting effects, we tried to look into doped crystals.
Chapter 7 demonstrates the experimental results and analysis that the absorption profile
of a randomly distributed ensemble of rare-earth ions in a solid-state crystalline host can
be engineered to create a 1D array of atomic scatterers effectively. Furthermore, coherent
interference between lightly scattered atoms can reduce the propagation loss and give rise
to coherent backscattering resembling a mirror.

Chapter 8 explains the ongoing work in the preparation of free quantum storage. Quan-
tum memories are the building blocks for quantum information and long-distance quantum
communication. A novel technique to store optical qubits in a solid-state platform is pro-
posed where a long preparation time is unnecessary.

Chapter 9 gives the concluding remarks about the theoretical and experimental results
towards possibilities of rare-earth ions in quantum communication and quantum storage
applications. Finally, it points out the advances made during this research and scopes for
advancements in quantum technologies in general.

Several sections of this thesis have been published by, submitted to, or accepted for

publication in peer-reviewed scientific journals. Below is the list of some selected published
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articles resulting from my research work during my Ph.D. which is also discussed in this

thesis:

Arindam Nandi, Xiaodong Jiang, Dongmin Pak, Daniel Perry, Kyunghun Han, Edward
S. Bielejec, Yi Xuan, and Mahdi Hosseini. ”Controlling light emission by engineering

atomic geometries in silicon photonics.”Optics letters 45, no. 7 (2020): 1631-1634.

Arindam Nandi, Haechan An, and Mahdi Hosseini. ”Coherent atomic mirror formed

by randomly distributed ions inside a crystal.” Optics Letters 46.8 (2021): 1880-1883.

Furuya, Keiichiro, Arindam Nandi, and Mahdi Hosseini. ”Study of atomic geometry
and its effect on photon generation and storage.”Optical Materials Express 10, no. 2

(2020): 577-587.

Jiang, Xiaodong, Arindam Nandi, Dongmin Pak, and Mahdi Hosseini. ”Optomechan-
ical frequency comb memory.”Optics letters 43, no. 20 (2018): 4973-4976.

Jiang, Xiaodong, Dongmin Pak, Arindam Nandi, Yi Xuan, and Mahdi Hosseini. ”Rare
earth-implanted lithium niobate: Properties and on-chip integration.” Applied

Physics Letters 115, no. 7 (2019): 071104.

Pak, Dongmin, Haechan An, Arindam Nandi, Xiaodong Jiang, Yi Xuan, and Mahdi
Hosseini. ”Ytterbium-implanted photonic resonators based on thin film lithium

niobate.” Journal of Applied Physics 128, no. 8 (2020): 084302.
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2. PROPERTIES OF RARE EARTH IONS

This chapter describes the basic properties of rare-earth ions and their interaction with
light in solid hosts. It illustrates rare-earth ions’ static and dynamic interactions that are
important in determining coherence and storage properties in the solid-state medium. The
electronic structure of rare-earth ions is discussed in detail in the beginning. It also highlights
the advantage of rare-earth ions because of their shielded valence electrons by outer orbitals.
The population lifetime (77) and coherence time (75) are discussed in detail. At the end
of this chapter, different dephasing and cross-relaxation processes like spin-spin coupling,
spin-lattice coupling, and multiphoton processes are discussed. More in-depth discussions

can be found in these references [9], [11], [12].

2.1 Electronic structure and transition dynamics of Rare Earth Ions

The rare-earth group consists of 15 elements, also known as the lanthanide series, named
after the first element, Lanthanum. They share some common physical and chemical prop-
erties, of which the most important is the electronic configuration. The rare-earth elements
have filled 5s, and 5p orbital (5525p%) and their valence electrons reside in the inner 4f orbital,

shielded by the outer filled orbitals.

Host Host

- ®ion
ion @ 55

Host

ion
Figure 2.1. Electronic configuration of rare earth ions.
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Because of this shielding of the valence electrons, the rare-earth ions possess good coher-
ence properties and narrow homogeneous lines in low temperatures. Their transition energies
do not vary too much in different solid hosts. In most of the compounds, rare earth ele-
ments reside as tri-positive ions. In a solid-state medium, Er3* shows one of the narrowest
homogeneous linewidths among rare earth elements, I',=73Hz.

According to the Kramers degeneracy theorem, there is at least a twofold degeneracy
for every energy level that possesses half-integer total spin. So, all alternate rare-earth
ions have half-integer total spin, named Kramers ions. Their degeneracy can be lifted by
applying a magnetic field. Though all the rare-earth ions have optical transitions, two of
the rare-earth ions (Er3*t,Nd*") have optical transitions in the telecommunications band of
fiber-optic communications, where the losses are minimal. This is a critical property of these
rare-earth ions, making them an obvious choice for application in quantum communications

and networks.

2.1.1 LS Coupling and JJ Coupling

This section presents the energy level structure of REIs from which we can have more
insights on the optical transitions between the electronic states of the valence electrons in 4f
orbital. To know exactly how to determine the energy levels of the valence electrons having
different orbital and spin angular momentum, we need to understand different coupling
schemes like LS (Russell-Saunders) coupling and JJ coupling.

In the LS coupling, the combination of individual electronic spins, S; form a total spin
angular momentum S. Similarly, the mix of individual orbital angular momentum [; form
total orbital angular momentum L. The interaction of total spin angular momentum, S, and
total orbital angular momentum, L, is called L-S or Russell Sanders coupling. The total
angular momentum J is the result of this L-S coupling.

In the case of JJ coupling, individual electronic spin angular momentum s; interacts
with its orbital angular momentum /;. This interaction results in individual total angular
momentum j;. The combination of all the j; results in total angular momentum J for the JJ

coupling scheme.
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For the rare-earth ions, the 4f valence electrons can be better described by L-S coupling;

that is why it is the preferred basis in most literature.

2.1.2 RElIs inside a crystal

If the rare-earth ions are implanted or doped inside a crystal, it experiences a local
electric field which breaks the Kramers degeneracy of each multliplet to a maximum of
J 4+ 1/2 crystal field levels depending on the ions’ site symmetry. For example, in the case
of Er in YSO crystal, the ground multiplet 115/ can be split into (15/241/2)=8 Kramers
doublets, and the *I;4 /2 multiplet splits into 7 doublets. This local field interaction inside
the crystal is called crystal-field interaction, which is also responsible for inhomogeneous
broadening discussed earlier. In addition, this crystal field dictates spin-lattice dynamics
and optical transition strengths. So, the crystal field plays a massive role in determining

coherence properties which is critical for quantum applications with rare-earth ions.

2.2 Homogeneous and Inhomogeneous Broadening

There are two main processes responsible for spectral line broadening, homogeneous
and inhomogeneous, which determines the observed spectral width of optical transitions
of the atoms. In the case of homogeneous broadening, the effect is experienced equally
by individual ions or atoms in the solid-state. It is caused by dynamic fluctuations in
the surrounding environment that act as perturbations on the atom’s transition frequency
and phase. For example, in erbium-doped compounds, the main factors determining the

homogeneous linewidth are:

Fhom = Fpop + FErfEr + thonon + FE'?"fhost + FISD

Where, Ty, is the fundamental linewidth dependent on the excited state population life-
time, 77 by this formula, I',,, = 1/(2r7}). Rare-earth ions have a very long excited state
population lifetime, partially responsible for the large homogeneous linewidth of rare-earth

ions in solids. For example, the excited state population lifetime of the optical transition
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from I 3/ to I15/2 erbium ions in YSO crystal is 10ms at 4K according to the measurement
in this work. The contribution of I'g,_ g, comes from the phonon-induced electronic spin-flip
transitions in their ground state, which perturbs the energy levels of the optical transitions.
We can control this electronic spin flip by choosing the temperature, magnetic field strength,
and direction of the magnetic field. The next contribution I',,onen comes from phonon cou-
pling, where energy transfer occurs between the vibrational modes of the crystal and the
rare-earth ions. The vibrational modes of any solid medium can generate oscillatory electric
and magnetic fields. Phonons are discrete quanta of these electric fields, emitted or absorbed
by the defects or ions. The contribution of I'p,onen decreases with temperature, which is why
most of the rare-earth-doped crystals are measured at cryogenic temperatures. I'g,_jos de-
pends on the host lattice’s nuclear and electron spins. Some host crystals, such as Y5S5i0s,
exhibit very low nuclear magnetic moment and provide good optical properties to rare-earth
ions. Instantaneous spectral diffusion (ISD) is responsible for the term I';gp, which is caused
by the changes in the local environment because of optical excitation of neighboring atoms.
This effect can be reduced by having low atom concentrations or minimizing optical excita-
tion densities. The homogeneous linewidth was measured in low concentration erbium doped
YSO crystal in this work is 100KHz at 4K. The number of doped erbium ion was 0.005% of
Ytterbium atom present in the crystal. For erbium ions implanted in amorphous host silicon
nitride, we got a homogeneous linewidth of 60MHz. With sub-kelvin temperatures and a
very high magnetic field, the homogeneous linewidth of erbium ions in YSO crystal can be
reduced to below 100Hz.

In contrast to homogeneous broadening caused by dynamical processes, inhomogeneous
broadening is caused by any static perturbation that changes the local environment for one
ion in a solid different from another ion. These variations in the local environment are
mainly due to crystal growth, impurities, or lattice imperfections and dislocations. These
other disorders shift the center of the homogeneous linewidth of individual atoms or ions,
resulting in a frequency distribution of transition frequencies. So, the combination of these
homogeneously broadened lines for individual optical centers centered at different resonant
frequencies creates a much broader absorption spectrum. This broadening, which is often

Gaussian in shape, is known as inhomogeneous broadening, and the linewidth of this fre-
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quency distribution is known as inhomogeneous linewidth (T',;), which is also shown in
Fig.1.

The inhomogeneous broadening can be very different depending on the optical center
concentration and host material. For example, for the 0.005% Er:YSO crystal studied in
this thesis, the inhomogeneous broadening is ~ 2GHz at 4K without magnetic field, but
in the amorphous host SiN, the inhomogeneous broadening of erbium was 400GHz for a

concentration of 10*/em?.

Absorption

Frequency

Figure 2.2. Homogeneous and inhomogeneous linewidth has been shown in
this figure. Homogeneous linewidth (I',) corresponds to the effect experienced
equally by individual ions or atoms in the solid-state. The envelope of all
the homogenous linewidths is defined as the inhomogeneous linewidth (I'j,),
which is much broader in the frequency distribution.

2.3 Spectral Hole Burning

Spectral hole burning is a process where a narrowband laser selectively excites a subset
of ions in the broad inhomogeneous profile. Ions that are resonant to that frequency band
absorb the pump and go to the excited state. Repeated pumping can cause the removal
of most of the ions in the ground state for that narrow frequency range. This causes a
reduction of optical absorption at the laser pump frequency resulting in a spectral hole in

the inhomogeneous spectrum. So, a specific homogeneous packet is saturated in the spectral
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hole burning process, giving a narrow peak in the broad absorption spectrum. The hole
linewidth can be very narrow, which is ultimately limited by the homogeneous linewidth of
ions. Practically, the hole linewidth is often determined by the linewidth of the laser. If
the laser power is extreme, it can cause a broadening of the spectral hole known as power

broadening.
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Figure 2.3. Spectral hole-burning process for an ion with three ground and
excited spin-levels. (b) shows a transient hole where the hole lifetime is de-
termined by the excited state decay time of the ions. (c) shows a permanent
hole where the hole lifetime is determined by ground state lifetime of the ions.
Difference between the energy levels are not to scale.

The hole lifetime depends on how fast the vacant ground state gets filled up. If the hole
lifetime is limited by the excited state decay time, T3, it is called transient spectral hole
burning. For Er-doped materials like Er3t : 58105, Er3t : KTP and Er®t : Y505, the
ground state population goes to excited state forming a two-level system, and depending on
the excited state decay time, those ions come back to those ground state. The excited-state
lifetime of Er3* ion in those materials is bout 10ms in low temperature, so the lifetime of

transient spectral hole burning is also around 10ms in those materials.
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Figure 2.4. Probing a spectral hole in the inhomogeneously broadened ab-
sorption spectrum for an atomic ensemble.

The other kind of spectral hole burning (SHB) is the persistent SHB, where the hole
lifetime is much larger than T;. For example, in Tm:YAG, there are hyperfine energy levels
in the presence of a magnetic field. Therefore, the ions from one ground state can be
transferred to the auxiliary states where the lifetime can be longer. In this way, moving
from a two-level system to a three-level system, one can create persistent SHB if the lifetime
of the auxiliary state is sufficiently high. For Tm:YAG, persistent hole lifetime can be from
10s seconds to hours.

The following section provides essential physical and chemical properties of rare-earth

ions (REIs). The energy level structure in different solid hosts is also described.

2.4 Population lifetime

The atoms in the excited state decay to the ground state at an exponential rate without
any external disturbance. The time constant for this exponential decay is defined as the
population lifetime (77). It is possible to have multiple decay paths between excited and
ground states, where the atoms go to the intermediate states before coming back to the
ground states. We assign branching ratios as the relative probability for a particular decay
path if multiple decay paths are a possibility. The lifetime of the excited state where it can

decay via n path is defined as:
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Y1 = (S )

Where T1(n) denotes the population lifetime of transition n.

2.5 Coherence time

Coherence time of an atom is defined as the inverse of its homogeneous linewidth (I';):

1

T, = T,
Coherence time is a significant quantity in quantum storage as it determines how long we
can store the quantum information. Furthermore, coherence time is dependent on dynamic
effects like spin-flip transition, phonon couplings, and even population decay time from an

excited state to a ground state. Thus, the maximum limit of the coherence time is limited

by the population lifetime of the ion, T, < 277.

2.6 Cross relaxation

Many processes inside a solid-state medium are directly responsible for reducing coher-
ence times and degrading optical properties. Therefore, it is essential to identify those so

that it is possible to suppress them as much as possible for quantum applications.

2.6.1 Spin-Spin coupling

The first type of cross-relaxation discussed here is spin-spin coupling. In this process,
energy and angular momentum are exchanged between ions. In this thesis, the rare-earth
ion concentration was carefully chosen to minimize cross-relaxation. The most prominent
cross-relaxation is magnetic-dipole interaction. If we increase the concentration of the ions,
the direct spin exchange is possible due to the overlap of dopant wavefunctions. All these
processes are resonant as total energy is conserved. There can be situations where transition
energies between two ions are different. In that case, they have to rely on additional sources

to make these transitions happen. In YSO crystal, this three-body process occurs because
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of the abundance of nuclear spin 1/2 Y ions. This magnetic-dipole-assisted cross-relaxation

is dependent on the distance between the ions as r~3.

So, low doping in crystal hosts is
preferred in quantum applications, especially in building quantum memories.

It is also essential to consider the cross-relaxation outside the dopant ions. It is vital
to choose a good host to maximize the coherence properties. In YSO and Si, there is 5%
abundance of nuclear spin 1/2 #*Si. A rapidly fluctuating magnetic field is created when
ions with nuclear spin cross relax with each other. This is generally the limiting factor of

coherence times in some rare-earth ion hosts. Much research has been done with ultra-low

temperatures and high magnetic fields to suppress these noises effectively.

2.6.2 Spin-Lattice coupling

Spin-Lattice coupling or phonon coupling is the transfer of energy between the crystal’s
vibrational modes and the doped ions. Inside the crystal, there are ions and positive charges
present. Different vibrational modes of the crystal can generate oscillatory electric and
magnetic fields. Phonons are defined as discrete energy of these oscillatory fields. These
phonons can be absorbed or generated by the ions during other transitions. Because phonons
have non-zero energy, all the transitions assisted by spin-lattice couplings are non-degenerate.

In case of spin-lattice coupling, the probability a particular transition affected by it largely
depends on temperature. The density of phonons of a particular energy can be described by

Planck distribution:

3wt 1
- 2m2y3 exp(2) —1

Pph(W)

Special care is usually taken to reduce the availability of phonons of a particular energy.
For example, the energy difference between Kramers doublet transition is in GHz at 4K
for a magnetic field of 100s of mT. This energy gap can be as high as THz with a high
enough magnetic field. In this energy gap, phonon transitions are generally quite common.
That is why rare-earth-doped crystals usually are kept in very low temperatures with high
magnetic field for quantum applications to reduce the phonon-assisted transitions. Low

temperature reduces the available phonons and high magnetic field increases the energy gap
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between Kramers doublet transition. Both of these effect helps to reduce the phonon-assisted

transitions.

2.6.3 Multi-phonon processes

We have primarily discussed the transitions where a single phonon was responsible. But,
in reality, in crystal host, multi-phonon processes do occur. The most common of these are
the Raman process. In this process, a continuum of low-energy phonons is formed. It can
be described as hwyi, = h(wy — ws), where w,, is the virtual phonon and wy, omegay are the
frequencies for the thermal phonons.

Another multi-photon process is the Orbach process which is the resonant transition
assisted by more than one phonon. For example, if we have phonons with frequency wy, ws,
then for this process to happen, the energy difference between two allowed transitions must

be precisely matched.
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3. INTERACTION OF LIGHT WITH RARE EARTH IONS

In 1899, Max Plank proposed that light must be quantized to explain the blackbody radi-
ation, giving birth to quantum optics. According to quantum mechanics, electromagnetic
waves consist of discrete energy packets termed photons. Atom-light interaction can be
expressed by quantizing light or electromagnetic waves.

A two-dimensional state space can describe the quantum system of a 2-level atom spanned
by atomic excited state |e) and atomic ground state |g). These two state vectors form the
complete orthonormal basis in the 2D Hilbert space. The Rabi model was one of the first
semi-classical theories to describe the atom-light interaction. Rabi model works for a closed
system and single-mode EM waves. It takes account of the two-level atom and a continuous
EM field. The model can be solved by time-dependent perturbation theory. Rabi model can
successfully show the oscillations of probability to find the atom in excited state and ground
state if we excite the atom with EM waves. However, as this model assumes classical EM
field, vacuum oscillation and other quantum phenomena (spontaneous emission, etc.) can
not be shown.

The next improvement of this theory comes from the Jaynes-Cummings model, which is a
quantum model [13]. It assumes the EM field as quantized excitations. Quantum phenomena
like vacuum rabi oscillation, spontaneous emission, collapse, and revival of oscillations can
only be explained by this model. Below are some derivations for light-atom interactions that

can be helpful to understand the next chapters in this thesis [14], [15].

3.1 Interaction of a two-level atom with a single mode light field

In this section, we want to explore the interaction of a two-level atom with a single mode
light field. The derivations are presented in the Schrodinger picture. Here p = 37; pj|v;) (4]
denotes the density operator, the coefficients p; are non-negative and add up to one, and
|4;) (15| is an outer product of the wave-functions (atomic and optical) of the system written

in bra-ket notation. The time evolution of the density matrix can be expressed as:

5= "1H. b 1
5P ih[ P (3.1)



where total Hamiltonian is H = H R+ I:[at + ﬁim. Here we are ignoring the irreversible
decay processes and focusing on reversible evolution of the density matrix. The first compo-
nent of the total Hamiltonian, Hy is due to the light field from laser modes a;, and can be

represented as:

k

For a single mode light field, we can write:

Hp = hw(afa+1/2) (3.3)

and the second component of the total Hamiltonian, H, for a single two-level atom is

expressed as:

A

Hy = hwa,o'6 (3.4)

The third component of the total hamiltonian, ﬁint is called the interaction Hamiltonian
which describes the interaction of light with atoms. This interaction Hamiltonian describing

the interaction of single mode light field and a single atom can be expressed as:

A A A

Hipe = hg(6 + 61)(E + €T (3.5)

where £ = [ axe~*#dk is the optical mode interacting with the atoms. Here, g is the vacuum

Rabi frequency and assuming g is the same for all k modes, it can be expressed as:

w
—d,|
g 2V H

Here ¢ is vacuum permeability, V' is the quantized volume, w is the transition frequency and

d is the atomic transition dipole moment. The oscillation frequency of 6€ and 6TET are twice

as fast as the atomic transition frequency. So, while calculating the interaction hamiltonian,
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these terms can be neglected as they are responsible for far off-resonant excitations. We can

obtain the Jaynes-Cummings Hamiltonian in this form with rotating wave approximation:
Hipy = hg(6€T +678) (3.6)

Now, I will briefly describe the reversible evolution of the density matrix [15]. The assump-
tion made here is that the atom is excited by coherent radiation modes. To get the evolution

of the averaged atomic modes, we need to take the trace over the atomic variables:

(612) = Tra(po) (3.7)
(611) = Tra(pé's) (3.8)
(611) = Tra(pse’) (3.9)

where 615 describes the atomic coherence and &1, 692 describes the ground state and excited
state atomic populations respectively. From equation 2.1 and applying the cyclic properties
of trace, the following equations of motion can be derived (ignoring the irreversible decay

processes):

d

%@12) = (W (G12) + igE ((511) — (G2)) (3.10)
@ lon) = 19(E1(012) — o) (3.11)
di 11 g 12 21 .

In the situation where the laser power is small and well below the saturation of the atomic
absorption, the excited state population (G22) will be negligible. In this case, the time

evolution of optical coherence can be written as:

d . . R -
£<0'12> ~ —1wat(012) + lgg (312)
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These equations are obtained when decay processes are ignored. To include non-unitary
operations one needs to write mater equation. Also one needs to include spatial dependency
and Maxwell equations. More complete derivation will be provided in chapter 5 and chapter
6 where specific systems such as photonic micro-ring resonators and standing waves inside
a crystal are discussed. The equations needed to be modified according to the particular

system we wanted to explore.

3.2 Atom light interactions inside cavity

Light-atom interactions inside a cavity are of great research interest because of the in-
creased interaction probability of atoms with light, and it also allows different non-linear
processes. The cavity allows a strong coupling regime where a coherent transfer of exci-
tations is possible from light to matter and vice versa. It also modifies the emission rates
responsible for superradiance, lasing, and other co-operative emissions.

This section defines some of the critical cavity parameters used frequently in this thesis.

3.2.1 FSR and Finesse

In an optical resonator, free spectral range (FSR) is defined as the spacing of the resonator

modes. In the case of vacuum standing wave resonator of length L, the FSR is defined as:

C

where ¢ is teh velocity of light in vacuum. If the light passes through an dispersive

medium, the FSR is defined as:
c

v =
v 2ngL

(3.14)

Where n, is the group index of the medium.
The finesse of an optical resonator is defined as the FSR divided by the bandwidth of
the resonances:
¢/(2n,L)

F:
Av

(3.15)
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3.2.2 Quality Factor and Mode Volume

The Quality factor of a cavity measures how good the cavity is in storing the energy.

The cavity QQ can be defined as:

Optical Energy stored in the cavity

= 2% 3.16
¢ Optical energy lost in one cycle of oscillation ( )
which in turn can be expressed as:
Optical Energy stored in the cavit
Q = 21y ——— gy Y (3.17)
Rate of Optical energy loss from cavity
This definition can be simplified in terms of known parameters where we can get:
Vo

= — 3.18
Q=2 (315)

Where Av denotes the FWHM of the optical resonance.
The mode volume (V) is a measure of the spatial confinement of the electromagnetic
radiation. Smaller mode volume is preferred to increase the interaction probability of light

with atoms.

3.2.3 Purcell Factor

The spontaneous emission rate enhancement of an atomic system by manipulating its
environment is defined as the Purcell effect. The enhancement factor is the Purcell Factor,
F,, which is the ratio of enhanced spontaneous emission rate and natural, spontaneous

emission rate.
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Figure 3.1. Schematic diagram of the enhancement of spontaneous emission
rate due to cavity.

For a cavity with quality factor Q and mode volume V, the Purcell factor can be calculated

b3 (A 3(@) Eion
Poam2 \n ) \V /) \|Epea

where X is the resonant wavelength of the ion, n is the refractive index of the cavity

with this formula:

)2 B, (3.19)

material, ( ]51%

peak

2
) denotes the electric field overlap and B, denotes the branching ratio of

the ion transition.

It can be seen that to get higher Purcell enhancement, the quality factor Q should be
increased, and the mode volume V should be as small as possible. In the figure 3.1 we have a
schematic diagram showing the difference in excited state lifetime with and without a cavity.
If the ion is inside the cavity, the excited state lifetime can be reduced considerably, resulting
in a higher photon emission rate.

But in the case of rare-earth ions inside the cavity, we must be cautious about the
homogeneous linewidth of the ions themselves. We can see in the 3.2 figure there can arise

two situations. Figure 3.2(a) shows the case where emitter homogeneous linewidth is much

38



less than cavity linewidth. In this case the general formula of Purcell factor can be applied,

where P ‘f?ci

mode

Cavity linewidth
c Emitter homogeneous /
2 linewidth
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Figure 3.2. Schematic diagram of the two situations for rare-earth ions inside
the cavity. (a) In this case, the emitter homogeneous linewidth is much less
than cavity linewidth. (b) Here, the emitter homogeneous linewidth is much
greater than cavity linewidth.

But for the second case, which is shown in figure 3.2(b), we can see that the emitter
homogeneous linewidth is much greater than cavity linewidth. So, in this case, we have to
adjust the formula of the Purcell factor by replacing the quality factor of the cavity with
the quality factor of the emitter itself, P VQL:Z Here, the @).,, is defined as the ratio of

m

emitter transition frequency with the homogeneous linewidth of the emitter.
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3.3 Optical Quantum memory with rare-earth ions

A device that can store and retrieve arbitrary quantum states of light can be considered
quantum optical memory. Ideally, it should store and preserve quantum properties of light
with memory retrieval fidelity exceeding the classical limit. Quantum memories are crucial
for quantum repeater architectures that allow long-distance quantum communications to
overcome fiber loss. Another beneficial application of quantum memory is transforming a
probabilistic single-photon source towards a deterministic source of single photons, which
can be extremely useful for different quantum applications.

An optical quantum memory reversibly maps the photons onto long-lived coherent exci-
tations. There has been much research devoted to realizing an efficient quantum memory.
Rare-earth ions doped or implanted in host crystals at very low temperatures and high
magnetic fields can have highly coherent quantum states in their valence orbital. For that
reason, rare-earth ions in crystalline hosts have been identified as attractive media for quan-
tum optical applications where record-high coherence times, quantum storage efficiency in
solids, and quantum storage bandwidth have been demonstrated. Among rare-earth ions,
Erbium uniquely possesses optical transitions at 1.5 pm region, making it suitable for fiber
telecommunication and silicon photonics.

In this section, I am reviewing different storage protocols that are especially popular in
rare-earth quantum memories and used in this thesis for later experiments. More in-depth

discussions can be found here [16], [17].

3.3.1 Controlled Reversible Inhomogeneous Broadening

In the Controlled Reversible Inhomogeneous Broadening (CRIB) process, the first step is
to dephase the atomic polarization by an external field. In this way, an incoming light pulse
is stored into the collective states of the atomic ensemble. In the next step, a reversal of the
applied field is applied, which rephases the atomic polarization. This rephasing results in a
reemission of the light. CRIB utilizes the inhomogeneous broadening of the transition and

uses a non-optical method to time-reversed the absorption process.
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For the CRIB protocol, different approaches are followed. The first CRIB protocol was
developed for impurities embedded in solid-state systems, also known as transverse CRIB.
Because of a transverse field gradient, different shifts of the dipole moments were observed
due to an externally applied field. Therefore, the direction of the field is reversed in the
next step. This causes dipole moments to shift in the opposite direction leading to reversing
of the dephasing process (rephasing). This rephasing causes an emission of light termed an
echo. Different approaches were also proposed in subsequent years, including the longitudinal
CRIB approach. In this approach, the dipole moment shift depends on the dipole’s position
in the solid medium. Theoretical efficiency for this memory protocol can be as high as 100%
given that atoms have very high coherence time and the system with high optical depth.

However, the efficiency limit for transverse CRIB is limited to 54%.

3.3.2 Atomic Frequency Comb

In Atomic Frequency Comb (AFC) storage protocol, a pulse of light is absorbed by an
atomic Frequency Comb. If the intertooth spacing of the AFC is A, then the light will come
out of a time, t = 2n/A. A frequency selective optical pumping can create a comb-like
absorption profile if an atomic medium has large inhomogeneous bandwidth. This is why
rare-earth ions are a popular choice as a storage medium in this protocol as they have large

inhomogeneous broadening and long coherence time.
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Figure 3.3. Schematic diagram of Atomic Frequency Comb (AFC) storage
protocol. (a) shows an atom with an excited state |e), which is connected to
two lower states |g) and |s). (b) shows input light is stored and comes out as
an echo after a time ¢t = 2w/A.

Let’s assume the storage medium consisting of an ensemble of ions has an excited state
le), which is connected to two lower states |g) and |s) as seen in figure 3.3. With frequency-
selective pumping, the |g) — |e) transition is spectrally shaped. The atomic density function
looks like a comb and has a series of narrow peaks of linewidth ~ separated by distance A
spanning a large frequency range. Hence, the spectrally shaped atomic density function is
called the atomic frequency comb.

The light pulse that needs to be stored should have linewidth -, larger than the AFC
peak spacings A. To store efficiently, v, also needs to be smaller than the whole frequency

range spanning AFC. Ideally, then input light can be absorbed by the AFC. This light is
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stored as a single excitation in the AFC over all the atoms resonant with the photon. The
atomic ensemble forms a collective state, also known as the Dicke state.

This collective state is formed by a coherent excitation of the AFC modes by the incoming
photons. This collective state has a detuning of §; = n;A, where n; are integers and A is
the AFC spacing. After the initial excitation, the collective state starts to dephase. The
rephasing happens after a time, ¢t = 2n/A, which results in coherent reemission of light in a
forward direction similar to the photon-echo process. The theoretical limit of AFC storage
efficiency is 54% which is limited by the reabsorption process. Later it was suggested that
the reemission could be forced to move backward, and in this case, the efficiency limit can
be as high as 100% for proper phase-matching conditions.

The described process is a quantum storage protocol with a fixed storage time ¢ = 2w/A.
Some modifications are implemented to transform it into on-demand quantum memory to
make it more useful. An optical control field is applied from state |e) to |s) for this to
happen. In the |s) state, it is stored as a collective spin state. Because this does not have a
comb structure, it will not generate an echo after a fixed time. Another control field needs
to be applied to get the echo, reversing from |s) to |e) to move the excitation back to the
original place after a time T,. Now an echo will come out but after a time of ¢t = T, 4 2w/ A.
As we can control the time T}, this AFC storage protocol becomes an on-demand quantum

memory.

43



4. EXPERIMENTAL TECHNIQUES

This chapter describes the instruments and techniques used for setting up the experiments.
The first section discusses the main components of the low-temperature setup. One of the
most challenging parts was to bring the sample to a very low temperature. Then briefly, the
fiber-to-chip coupling techniques are discussed. Section 2 illustrates single-photon detection
methods and the software used to analyze the data. In section 3, photon echo measurement
techniques are discussed, which was crucial to knowing the quantum emitters’ coherence
properties. The following section discusses optical modulation and homodyne and hetero-

dyne measurement.

4.1 Low temperature measurements

Figure 4.1. Cryogenic setup by Montana Instruments.
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We used a cryogenic setup (cryostation - Standard (s) Series) provided by Montana
Instruments for low-temperature measurements. The cryogenic system can be integrated
with the sample and control the temperature and vacuum parameters of the whole system.
It comes with different parts, including a system control unit, vacuum control unit, and
helium compressor. It allowed the samples to go to as low as 3.2K temperature.

In Fig.4.1, we can see the cryogenic setup integrated with the optical imaging system to
study the sample at low temperature. Inside the chamber, a mechanical pump is attached,
which pumps out the air to create a vacuum.

The actual cooling happens by a two-stage Gifford-McMahon cryocooler. We isolated
the cryocooler mechanical vibrations from the sample and optical alignments by a vibration-
damping support structure. In addition, there is a separate helium compressor that provides

the necessary helium for the closed-loop cooling cycle.

4.1.1 Sample chamber

The sample chamber is the integrated platform for the sample mount assembly, a radia-

tion shield surrounding the sample, and outer vacuum housing with windows.

Figure 4.2. Sample chamber inside the Cryogenic setup.
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A thermometer is attached to the platform and the sample holder to display the tem-
perature at all times correctly. If the temperature does not go to the desired temperature,
then there can be several reasons, including leaks, out-gassing by some object, or saturation
of charcoals that absorbs gas molecule.

Extra care has been taken to reduce the thermal fluctuation using both active and passive
techniques. In the fig.4.2, the sample chamber can be seen where a silicon nitride chip with a
micro-ring resonator in it is mounted. A vacuum-compatible thermal grease has been used to
have good thermal contact between the sample platform and the sample. To fix the position
of the sample, a low-temperature compatible varnish has been used. Once the position of
the sample is fixed, the optical fiber alignment is done by the nano-positioners, which are

described in the next section.

4.1.2 3D nano-positioners for fiber-to-chip coupling

We have used 3D nano-positioners by Montana instruments to precisely move the optical
fibers for high-precision alignment. The light fiber-to-chip coupling is very sensitive to the
alignment, and precise, controlled movement of the optical fiber is necessary. We successfully
installed this 3-axis (XYZ) piezo-driven, slip-stick style nano-positioners, controller, and
flexible thermal links so that the sample temperature always remains as expected. The
motion range for these nano-positioners was bmm on each axis which was enough for the

high-precision alignment.

Figure 4.3. Controller for 3D nano-positioners for high-precision alignment
for fiber-to-chip coupling.

46



In the above fig. 4.3 we can see the Controller for 3D nano-positioners. The movement

of the stage can be done in step size or continuous mode.

4.2 Single photon detection

One of the most critical aspects of this thesis is to detect very small optical signals. To
do this, a single-photon detector is needed. We used PDM-IR from Micro Photon Devices
(MPD) in our lab. This photon counting module is an InGaAs/InP Single-Photon Avalanche
Diode (SPAD) specialized for detecting near-infrared single photons within wavelength range
1100nm to 1600nm. It is integrated with a programmable frequency and pulse generator for
gating the detector. It also has a front-end circuit for photodetector’s avalanche sensing and
a fast circuit for detector’s avalanche current quenching. All the primary parameters can be

selected according to the use case with the software.

Figure 4.4. Single Photon Avalanche Detector Module from MPD.
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In fig. 4.4 we can see the SPAD detector used for detecting minimal signal. It produces
a clean temporal response of the arrival photons. For this reason, it can be used for both
counting and timing measurements. For better analyzing the data, we used the Timeharp
interface. The TimeHarp software helped us with different measurement parameters and
visualized the result in a more understandable version. The most crucial measurement
characteristics such as count rate, count maximum, and position, histogram width (FWHM)

can be seen continuously with this software.

4.3 Photon Echo and Spin Echo

For a two-pulse photon echo experiment, the sample is excited by two pulses of strong
laser light separated by a time delay, 7. The first pulse, also known as the m/2 pulse, is
responsible for creating a coherent superposition of ground and excited state. Because of
this coherence, the sample can be seen as a macroscopic oscillating dipole moment. Because
of the inhomogeneous broadening present in the sample, there is a spread in the transition
energies of the ions. As time evolves, this spread in transition energies creates different rel-
ative phases, which results in a loss of coherence. The second pulse, known as the ® pulse,
does population inversion, which exchanges the phases of the ground and excited states.
This exchange results in a negative sign of the accumulated phases of the in-homogeneously
broadened states which reverses the dephasing or causes the rephasing. As seen in the figure
4.5 after the second pulse at time delay, 7 later the rephasing of the ions completes with no
relative phase among ions. Once again, we have the macroscopic oscillating dipole, which

emits a burst of radiation termed as photon echo.
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Figure 4.5. Schematic diagram of the 2 pulse photon echo process.

Intensity

The echo intensity decays exponentially with delay time 7 between the two pulses. Also,
the echo intensity depends on the coherence property of the ions, and the coherence time
(T3) is measured by fitting the echo intensity to delay time 7. As we know, dephasing
happens because of static and dynamic effects related to homogeneous and inhomogeneous
broadening. But, the dephasing effect due to the static effects cancels out because of the
pulse sequence. So, the photon echo decay rate tells us about the dynamical processes that
cause the dephasing related to the homogeneous broadening. The homogeneous linewidth
(') can thus be calculated from the coherence time 75, by this formula I'y, = 1/(n7%). This
is a beneficial technique to measure the very narrow homogeneous linewidth even with a
laser with broader spectral linewidth.

In this thesis, I have measured coherence time using the photon echo decay method of
0.005% doped Er:YSO crystal to be at 1.5us at 3.5K. So, in that crystal, the homogeneous
broadening of Er was ~ 200K Hz at 3.5K.

4.4 Homodyne and Heterodyne detection

The primary purpose of homodyne and heterodyne is to extract information encoded as
modulation of phase-frequency or both. In this detection process signal is compared with

standard or reference light coming from a local oscillator.
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Figure 4.6. Schematic diagram of the experimental setup for heterodyne detection.

In the figure 4.6, we can see the schematic diagram showing the experimental setup for
heterodyne detection. In this process, the reference signal coming from the local oscillator
is mixed with the signal by a beam splitter, and then the combined signal is detected by a
photodetector. Now, if we do electronic demodulation, we can extract the information about
the actual signal.

The main advantage of homodyne and heterodyne detection is the gain in the detected
signal. The larger the local oscillator amplitude is, the larger the gain in the detected signal

will be. This relation can be easily seen by this equations:

I « [Eqy cos(wsgt + @) + Ero cos(wiot)]’

1 1
I x §E§ig + iEio + 2E,ELocos(wsigt + ¢)cos(wrot)

Where E4, Ero are the electric field amplitude of the signal and local oscillator, respec-
tively, if we see the last term, it does have the phase information of the signal as well as
it got multiplied by the local oscillator amplitude. So, this kind of detection is beneficial
for sensitive measurements as the linewidth of the modulated signal is much smaller than
the optical linewidth of the signal or local oscillator. So, tiny shifts in the signal’s center

frequency can be measured with this technique.
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In the homodyne measurement, the local oscillator and the signal have the same fre-
quency, whereas those frequencies are different for the heterodyne measurement.

One problem for heterodyne measurement is the shot noise keeps on increasing as we
increase the power of the local oscillator. So, then the signal-to-noise ratio is limited by shot
noise. For this reason, balanced detection is preferred where a beam splitter is used to divide
the signal and local oscillator equally into two detectors. Then, the difference between these

two detectors is not influenced by the local oscillator noise.

o1



5. THEORETICAL INVESTIGATION OF INTERACTION OF
LIGHT WITH ATOMIC ARRAY

Portions of this chapter have been previously published: Keiichiro Furuya, Arindam Nandi,
and Mahdi Hosseini. “Study of atomic geometry and its effect on photon generation
and storage.” Optical Materials Express 10.2 (2020): 577-587. This is a collaborative
project and my colleague Keiichiro Furuya has significant contribution on developing the
theory discussed in this chapter.

The study of collective excitations in atomic ensembles is an important research topic
aiming to advance our understanding of many-body dynamics in quantum systems [18], [19].
The framework for such study was initially formulated by Dicke [20]. It has been shown
that photons can mediate the interaction between atoms confined in sub-wavelength regions
in free space[21], [22] or near optical resonators or waveguides|23|, [24]. The Raman exci-
tation triggering collective excitations can also give rise to superradiant-type emission from
extended ensembles, V' > A3, The nonlinearity can be introduced to the emission process
by the projective measurement leading to generation of correlated photons. The bi-photons
created in this way has been the center of research for quantum state engineering as a viable
approach for entanglement distribution[25]. The spin of an ensemble of atoms, spontaneously
emitting photons upon off-resonance excitation with a pump, can be projected into a single
collective excitation when a single photon is detected in a pre-defined spatial mode. The
collective excitation can give rise to the emission of a correlated photon through an inverse
Raman process. This approach has been used to entangle four quantum memories|26] and
generate multi-dimensional correlated photons[27]. Recently, effect of atomic distribution
near waveguides[24], [28] and cavities has been investigated as a way to control photon emis-
sion and propagation through the waveguides. The system which atoms are placed inside or
nearby a ring cavity is one of the popular ones to explore general dynamics in 1D and 2D

quantum physics.
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5.1 Introduction

In this chapter, we consider atomic geometry as a control knob to suppress loss and noise
in the process of photon generation and storage from an ensemble of emitters or photons. We
show that by precision manipulation of position of atoms, forming a periodic or an aperiodic
lattice, chiral photon emission can be achieved to enhance correlation between the photons.
Our approach can be used to describe and enhance photon generation processes from various
emitters[29], including neutral atoms, defect centers in solids, rare earth materials and quan-
tum dots, for engineering active photonic materials[30] with novel application in quantum

information.

5.2 Model: light interaction with a periodic lattice of atoms

We consider an array of atoms or emitters incorporated into an optical ring resonator as
shown in Fig.5.1 (a). The atoms are distributed around the resonator with spacing between
them chosen such that various collective behaviors emerge. The positions of the atomic
segments are denoted by 6;, as shown in Fig.5.1 (a). The distance ¢;, (j = 1,2, ..., N), on the
ring is the spacing between jth and (j — 1)th atomic segments. There should be a periodic
condition on any distribution of atomic segments which is 8 = 2x.

The interaction Hamiltonian of the system is given in terms of atomic operators as
Hi =Y [ 1/20(9(0) 63/ VN @le™™ + l.e77) + h.c.)do (5.1)
J

where 6; = |g;)(s;| is the atomic operator of j—th atoms, g(6) is the coupling strength and
dc/ec is the operator for the field propagating in the clockwise (c) or counter-clockwise (cc)
direction, respectively. Assuming equal light-atom coupling strength, g = g(6), at all discrete

locations, we arrive at:

Hip = hig{S(k)al + S(~k)al, + h.c} (5.2)

where the collective atomic operator is defined as
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Figure 5.1. (a) A schematic of an optical ring resonator hosting an array
of atomic segments forming a lattice commensurate with the emission wave-
length resonant with the cavity. (b) The input (Ej,), transmitted (Ey) and
reflected () light intensities for a pulse propagating through the bus waveg-
uide coupled to the resonator. An atomic lattice consists of 100 segments with
spacing of A is considered. (c¢) A pulse of light resonant with the resonator
can be amplified or deamplified depending on the initial state of the atoms
and atomic spacing. o and oy, denote the atomic population in excited state
le) and ground state |g), respectively. The simulation parameters used are :
g/I' = 0.5, w = 0, N = 15 and propagation time c¢/r¢; < 2n/I' where c is
the velocity of light in vacuum and r is the radius of the ring resonator.

S(k)=1/VN Ze*ik“’ja—j, (5.3)

and state |g1, g2, ..., Sj, ..., gn) refers to the state with atom j excited to the level |e) while other
atoms remain in the ground state |g). Here N denotes the total number of atomic segments
in the ring resonator. Considering a single-pass propagation, the interaction dynamics can
be obtained by numerically solving the semiclassical Maxwell-Bloch equations of motion.
To this end, we write the time-dependent equations in Heisenberg picture and replace the

operators with their mean values. We numerically solve the following equations:

-
‘209/“ = +iIN(0) Y 4 (5.4)
O (D i60)6 — 18+ Eue™) (54— b10) (5.5)

Fikro

where éc Jee(0) = Qcjece is the optical mode in the clockwise or counter-clockwise direction

(see Fig.5.1). Also, Gee/qq is the atomic population operator, and I" is the docoherence rate
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between two levels |g) and |e). The inhomogeneous broadening of the atomic transition is
described by light-atom detuning dw = dw(#};) for individual atoms. The atomic density

around the ring is described by a top-hat function as
N () = gr/amc ) (tanh(§ — me,, + 6¢) — tanh(6 — me,, — §¢)) (5.6)

with position uncertainty d¢. By replacing operators with expected values of atomic, () = o,
and optical, (é> = F fields, dynamics of the mean fields are achieved by integrating the
equations over time and space. We numerically solve these equations using multi-dimensional
differential equation solver (XMDS) [31] for various atom geometries.

The transmitted and reflected light intensity when a single pulse impinges on to the ring
in the clockwise direction is shown in Fig.5.1(b). At high atom numbers, a significant portion
of the incoming pulse is reflected due to the presence of an atomic Bragg resonance. The
atomic resonances of this kind has been predicted [32]-[34] and observed using cold atoms
near waveguides and fibers [28]. The total amplification and attenuation of the pulse as
a function of lattice constant or atom spacing is also shown in Fig.5.1(c). The pulse can
be amplified or attenuated depending on the initial atomic state and lattice spacing. The
frequency of the oscillation in Fig.5.1(c) is A/2N resulting from the spatial interference of the
E-field amplitude. At the atomic resonance condition, maximum interference occurs when

the coherence length of photons is larger than the effective propagation length, or K > 7,

where k and v are decay rates of the cavity and excited atomic state, respectively.

5.3 Long-range cooperative light emission

The cooperative decay of an ensemble of emitters confined in a region much smaller than
A% has been predicted [35], [36] and experimentally observed in various platforms[21]-[24].
In a solid state environment, the presence of disorder such as inhomogeneous broadening is
responsible for simultaneous appearance of sub and superradiant emission modes [37], [38].
Moreover, it is known that atomic distribution affects the cooperative emission [38], [39].

For observation of superradiance inside a cavity, the resonator decay rate, x, must be

large enough such that the intra-cavity photons leave the cavity before being reabsorbed by
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the atoms or before atoms decohere. Thus, the interactions need to be in the limit where
k > v+ I', and also the decoherence rate I' should be less than the cooperative decay
rate, N7, where N is the effective atom number contributing to the emission. The atomic
lattice interacting via the intra-cavity light can exhibit mesoscopic cooperative interactions
where cooperative coupling is extended to regions beyond the wavelength scale. Inside the

resonator, the time evolution of the optical field, a., in the clockwise direction is described

by:

da,.
dt

= —RG.+ 190 +\/K/Tay, (5.7)

where a;, represents the incoming field, 7 is the round-trip time of photons inside the ring,
and & = (f N(0)(X; 6;)d6).

Figure 5.2(a) shows the numerical solution to the pulsed emission from an ensemble of
two-level atoms initially prepared in the excited state. In this regime, the pulse envelope has
a width inversely proportional to the atom number, N, and its peak intensity scaling with
NZ2. The coherent emission is captured by the atomic coherence built up (oe,) shortly after
atoms are initially prepared.

The scaling of peak intensity is evident in Fig. 5.2 (b). As expected, the intensity
increases quadratically with atom number beyond a threshold atom number (needed to
overcome decoherence). We note that these results are also valid for the case where instead
of one atom per site, an ensemble of Ny atoms are localized (rd¢ < 1) per segment. In
such case, g — g/ Ny and rd¢ represents the atomic distribution per site. As the atoms are
delocalized with respect to the cavity anti-nodes’ position, rd¢ > 0, superradiance becomes
less evident and a larger threshold is needed to overcome disorder. In presence of inhomoge-
neous broadening, with width of €2, the requirement for the observation of cooperative decay
is more stringent. The necessary condition for observation of superradiance then becomes
/N < 7. With a resonator with a linewidth x < €, the effect of inhomogeneous broad-

ening to cooeprative emission can be evaluated by considering an effective atom number
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Figure 5.2. (a)Intensity of the emission light from an ensemble of 60 and 100
atoms inside the resonator. Inset is a plot of atomic population and coherence
as a function of time. (b) Maximum emission intensity as a function of total
atom number in the cavity for 100 atomic segments with different width of
local atomic distribution. Simulation parameters include: cavity decay rate,
k = 10%y, atomic decoherence rate I' = 0.01x, light-atom coupling strength,
and ¢g/I" = 0.5.

Ness = k/QN contributing to the superradiance emission. Overall, the broadening gives rise

to sub and superradiance emission lines with non-exponential decay curves [22].

5.4 Controlling dissipation

In this section we discuss that even when cooperative emission conditions are not fully
satisfied, atomic geometry can be engineered to reduce dissipation in the system. Recently,
we have performed an experiment studying cooperative resonances formed by a lattice of
erbium ions in a silicon nitride ring resonator. An array of atomic segments were implanted
into the solid resonator and resonant excitation were used to probe the atomic resonance.
Due to the relatively large inhomogeneous broadening and decoherence rate of the atoms
in the systems, observation of timed Dicke states were prohibited [37]. Nevertheless, the
fast cavity decay rate, relative to the decoherence processes, enabled investigation of a new
regime of cooperative interactions. In an ordered lattice commensurate with the emission
wavelength, a standing wave is formed by emission from the discrete atomic segments. Be-

cause the life time of photons inside the resonator is longer than the decoherence time,
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interference between photons from spatially distributed atoms occurs within the time scale
of cavity lifetime. The maximum intra-cavity intensity (at the location of any segment) short
time after excitation thus scales with (| 5 Ee/ec(6))?) = (|N Epas|?), where Epq, is the max-
imum field amplitude from a single segment and £, /.. is the mean field propagating in either
clockwise or counterclockwise directions. In a randomly distributed ensemble, on the other
hand, the intensity at the segment i is given by (| 32 Fe/ec(6i) + Ecjec(05)1?) = (N|Emaz|?)-
At the resonance condition, the single-frequency intensity scales nonlinearly with the atom
number, however it does not reach the peak cooperative emission because the interaction
time, 1/k, is smaller than the coherence time. In other words, as the cavity decay rate, &, is
faster than any relevant time scale in the system, e.g. x > I',Q2/N,~, timed superradiance
is not observable, because light leaves the cavity before cooperative coherence is built up.
Although the inhomogeneous broadening in the system masks the true timed superradiance
characteristics (lifetime shortening) by effectively reducing the contributing atom number, it
enables almost continuous tuning of the atomic resonance. Therefore, the atomic resonance
can be achieved at different emission wavelength by either changing the implantation pa-
rameters or varying the effective index of the solid resonator. As the result, losses induced
by non-radiative decay, propagation (scattering) loss, or phonon-assisted excitation can be
compensated for by tuning the resonance at a desired emission wavelength. For example, the
propagation loss is reduced by minimizing the light intensity between the atoms at the reso-
nance condition. In other words, the relatively broad atomic resonance spans over multiple
resonator’s free-spectral ranges giving rise to Fano-type interference and loss suppression.
In the limit of low atom numbers, less than one photon can be emitted within the cavity
lifetime, as was the case in our recent experiment. The emitted photon creates a collective
excitation as superposition of atoms contributing to the emission. The process can also be
seen as amplified spontaneous emissions which its controlled rephasing [40], [41] can lead to
retrieval of the collective excitation in a from of a second photon correlated to the first one.
Below, we discuss the general principles of bi-photon generation in more details in the case

of three-level atoms.
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5.5 Photon generation

The collective emission from atomic ensembles has been the center of research for the
generation of photon pairs from atomic gasses and solid state emitters[42], [43]. As proposed
by Duan-Lukin-Cirac-Zoller (DLCZ) [44] the memory-based bi-photon generation in this
way can be used to implement entanglement distribution for long-distance secure communi-
cation[1]. The DLCZ protocol is one of the practical proposals, to date, for implementation
of quantum repeaters [45] and its proof of principle demonstration has been achieved using
laser cooled atoms[26], [46]. The cooperative emission can be engineered via the atomic ge-
ometry to realize topological effects [47]. To study photon generation in the present case, we
consider an array of three-level atoms hosted by a ring whose resonance wavelength matches
the atomic transition, see Fig.5.3 (a). Figure 5.3 (b) provides a 1-D representation of the
system where atomic segments form a commensurate or incommensurate lattice with light
propagating along the lattice. We note that, instead of multiple atoms per segment, single
atoms can be considered without change of the general discussion below. On the resonance
condition, atoms define fixed antinodes of an standing wave inside the resonator symmetri-
cally emitting light in both directions. Upon excitation with the pump light (P,), a Stokes
photon generated in mode a is indistinguishably emitted in the forward or backward (clock-
wise or counterclockwise) directions. In the cooperative emission regime, the atoms emit
in-phase, and in the single-photon regime a collective excitation of atomic spins is formed
as the footprint of the emitted photon. The single collective excitation can be created even
when conditions for timed Dicke superradiance are not quite met. The collective excitation
can then be retrieved using another pump (F) in a form of an anti-Stokes photon in mode
b. Such bi-photon generation has been studied in depth in atomic systems and the method
has been proposed and demonstrated for application in entanglement distribution [26], [44].
In solids, bi-photon generation of this kind was also achieved [43] by preparing atoms in an
atomic frequency comb to address difficulties with optical pumping in solids.

A Hamiltonian similar to Eq.5.2 can be written for the anti-Stokes photon in mode b with
field operators denoted by BC and l;cc. Assuming a discrete distribution of atoms at locations

¢;, we use second perturbation and trace out the atomic degrees of freedom to arrive at:
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Figure 5.3. (a)The level diagram of a three-level atom considered with two
pump light deriving two A transitions creating photons in modes a and b in
two directions. (b) A 1-D representation of the light-atom interaction for two
arrays of atoms one commensurate and one incommensurate with the intra-
cavity light whose also resonant with the Raman transition of the atoms. (c)
The normalized probability amplitude of emitting bi-photons in the same direc-
tion is plotted as a function of lattice constant for 5 and 100 atoms interacting
with the intra-cavity light.

Hip /B~ J{©(k)blaf + O (—k)blal, + blal, + bf.al + h.c} (5.8)

ccce ccc cce

where J is the effective coupling rate of each segment (atom), and the coefficient O(k),

defined as
1 2ikr0;
O(k) = ﬁZe_ ihrds (5.9)
i=1

is the collective phase factor controlled by the geometry of atoms. Applying this Hamiltonian
to the initial state, the optical field (vacuum state) returns the final (unnormalized) optical

state given by

(W) =O(K)|La)ello)e + O(=F)[La)ce|lo)ee + [La)ellb)ce + [Ta)ee|Lb)e (5.10)

where, for example, |1,). represents one photon created in the mode a propagating in the

clockwise direction. The phase factor O(k) is related to the probability of generating two
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co-propagating photons and it is plotted in Fig.5.2 (¢). When atomic spacing is a multiple
of A/2, this probability is maximum. The absolute probability at this resonance condition
scales with the square of number of segments and the width of the resonance scales linearly
with the number of segments. The probability of creation of co-propagating bi-photons is
close to zero for a large lattice with lattice spacing not equal to the wavelength. In this
regime, similar to a large ensemble of randomly positioned atoms, correlated photons are
emitted only in opposite directions. In small atomic ensembles, unlike a random sample,
probability of co-propagating bi-photon generation can be set to zero by carefully designing
atomic spacing. The approach enables generation of entangled photon pairs from a small
ensemble of atoms arranged in a cavity.

To further study the effect of atomic geometry on photon emission and also state engi-
neering, we consider an atomic lattice with spacing between the segments engineered as j
and j+ 1 to be d; = A\(1 — A¢’), where X is the wavelength of the emitted photons, A is
a constant and ¢ is the incommensurability factor (see Fig.5.3 (b)). As seen in Fig.5.4 (a)
and (b), when the lattice becomes more and more incommensurate with the wavelength,
the probability of generating co-propagating bi-photons decreases while a phase appears in
the first term of Eq.5.10, which is opposite to that of the second term. In the following
section, we see how a proper choice of the © parameter in an incommensurate lattice enables

mitigating noise in atomic ensembles.

5.6 Storage in an ordered lattice and the effect of geometry

To see the effect of atomic geometry in protecting quantum information in the system,
we now consider retrieval of a single-photon pulse after being stored inside the atoms as
a collective excitation. We consider a lattice of two-level atoms initially prepared in the
ground state, |g), arranged around the ring. A single photon pulse enters the cavity can be
coherently absorbed by the atoms using, for example, a controlled reversible inhomogeneous
broadening (CRIB) technique [48] and retrieved after time 75. The Hamiltonian of the full

storage/retrieval interaction can be approximately written as
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Figure 5.4. The amplitude (a) and phase (b) of ©(k) as a function of the
incommensurability constant (. The gray curve shows amplitude and phase
of ©(k) for an atomic array out of the resonance with the optical wavelength.
Results plotted considering 100 segments with A = 0.2.

Hi/h 2 J{SSHal(t +7) + al.(t + 7)][ac(t) + bee(t)] + hoc).

For an input field (e.g. a photon wavepacket) initially propagating in the clockwise direc-
tion through an atomic lattice, the retrieved photon can be emitted in either clockwise or
counterclockwise direction introducing loss to the memory. In absence of phase noise and
considering a random distribution of atoms in an ensemble, one can see that ideally perfect
retrieval can be achieved in the backward direction, in the limit of large J. We note that
scattering into the free-space is determined by the spontaneous emission and is independent
of atomic geometry in the limit of weak coupling. The free-space scattering introduces a
constant loss to the process which we ignore in the following treatment.

In presence of phase noise, 60(t), the quality of the storage process declines and we show
below that an ordered lattice can overcome some of the losses introduced by the phase noise
among the atoms. In presence of phase noise, the effective Hamiltonian of the optical fields,

after tracing over the atomic excitations, can be written as:

cc

Ts Ts/2 . .
Hop/h = J / / / [O(k)e ™ 041 (£)a,(t) + e Gl (t)a.(t) bdtdt
Ts/2 J0
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where m = 2mr/\ is the number of atomic segments and the phase noise is characterized
by d6(t). In a randomly distributed ensemble and when 00,,,, ~ 1 (in units of 2m), both
terms vanish and no coherent interaction is expected. The absorbed photon is randomly

emitted in both directions washing out the imprinted phase information of the input signal.
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Figure 5.5. The difference in effective coupling (energy gap) of the two
clockwise and counter clockwise modes.

For an ordered lattice, however, an energy gap between co- and counter-propagating
photons is created whose magnitude scales with AP = |(©(k) — 1) cos (krdf) + i(©(k) +
1) sin (krdf)|, preventing the scattering in the forward direction and thus reduces the radia-
tive loss within the atomic media. As an example, the energy gap is plotted in Fig.5.5 for a
lattice of 100 atoms (or atomic segments) with 30% phase noise. The introduced phase noise
reduces the gap (and similarly coherent retrieval efficiency) compared to the ideal lattice as
shown by green and orange curves, respectively. Slightly away from the atomic resonance,
the gap increase recovering the efficiency and even reach the ideal performance of a random
sample crossing AP = 1. When an incommensurate lattice is considered, the gap can in-
crease to > 1 and operation regime can be wider and more robust to lattice parameters, ©.

We note that for a random atomic distribution, the gap still exists which arises from the
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entanglement between the atoms and the first emitted photon. In such case, the maximum
achievable gap is one. The current results suggest the gap can be increased by a careful

choice of atomic distribution even in presence of phase noise.

5.7 Conclusion

We investigated the role of atomic geometry on light emission and storage within a ring
resonator. We showed that by designing atoms within a photonic waveguide or resonator,
it is possible to significantly boost the efficiency of the interactions. We showed that an
incommensurate lattice of atoms embedded in a ring resonator can be used to suppress loss
and phase noise in photon retrieval process. The clockwise and counterclockwise photons
can be regarded as sudo-spin 1/2 particles and therefore lattice engineering can be used
to eventually design active topological quantum photonic structures [49]-[51]. Active ele-
ments including quantum dots [21], [52], [53], laser trapped atoms|24], [54] and rare earth
ions integrated with photonic waveguides and resonators are suitable platforms for studying

cooperative effects in active photonic devices[55] with application in classical and quantum

photonics[30], [56].
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6. ATOMIC ARRAY IN SILICON PHOTONICS

Portions of this chapter have been previously published: Nandi, Arindam, et al. “Control-
ling light emission by engineering atomic geometries in silicon photonics.” Optics
letters 45.7 (2020): 1631-1634.

Novel phenomena emerge when resonant modes of a hybrid system undergo coherent
interactions [57]. The interactions of this kind may result in engineering unconventional
materials and platforms for broad applications. In photonics, the coherent and cooperative
mode coupling has resulted in observation of peculiar effects including Fano interference [57],
cooperative light scattering, [24], [28], [58], cavity quantum electrodynamic (cQED) inter-
actions [59], [60], Borrmann effect [61], [62], and topological optical effects [51], [63], [64].
Also, controlling the position of laser-cooled atoms near waveguides and fibers has led to
the observation of peculiar effects such as coherent backscattering[58]and superradiance[24].
In a different platform, photon-mediated coupling between a small ensemble of microwave
oscillators in a superconducting circuit has been observed[65]. In solid photonics, engineer-
ing light-atom interactions to achieve long-range coherent interference in the medium has
not been achieved due to the lack of control on atomic positioning. Towards realization
of scalable and long-range interference between fields in an atomic ensemble, we study the
effect of atomic geometry on photon emission in solid-state photonics. The atoms, in this
case, are erbium ions which are rare earth ions with a telecom-band transition embedded in
silicon nitride materials. The approach enables study of a novel regime of light-matter inter-
actions in solids by designing the atomic geometry and mode coupling in the system. The
relatively low sensitivity of the rare earth (RE) ions to the solid’s environment makes these
ions an attractive substance for realization of linear and nonlinear light-matter interactions

for quantum applications[7], [8], [10].

6.1 Introduction

In this work, by activation of silicon nitride structures using precision implantation of
isotopically pure Er ions, we study coupling between optical and atomic Bragg resonant

modes. We observe emission enhancement when the embedded atomic lattice is commensu-
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Figure 6.1. Schematic of the designed active SiN ring resonator.Iso-

topically pure %8Er ions are implanted as an array inside a microring cavity.

The segments are separated by multiples of the wavelength of Er emission. At

each segment with a width much smaller than the wavelength, around 10* ions

were implanted along the diameter of the ring. A photonic crystal mirror is

used to increase the collection efficiency to the lensed fiber on the left (output

port). The excitation pump enters the ring either from the drop-port or the

mirror-side waveguide using another lensed fiber.
rate with the wavelength of the emitted light. This is because, the emitted light from the
atomic lattice gives rise to coherent spatial interference creating a Bragg atomic resonance.
On the resonant condition where the emission wavelength is commensurate with the atomic
lattice, the scattering loss decreases. Moreover, we record asymmetric lineshapes of photon
emission governed by Fano interference between the resonant modes of the system. In this

way, we take advantage of the inhomogeneous broadening of ions in silicon nitride to enhance

collection of radiation at a desired wavelength within the emission band of the Er ions .

6.2 Theory

We use isotopically pure ®®Er ions directly implanted in a SiN microring resonator into
a periodic array (atomic lattice) (see Fig.6.1 ). Considering an array of ion segments (with
the width of each segment being much smaller than the wavelength) implanted in a ring
resonator, the emission from the ion array can be approximately described by a 1D theory

of atoms coupled to a waveguide.
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We study the interaction dynamics by numerically solving the semiclassical Maxwell-
Bloch equations of motion. The equations of motion capturing the interaction of light with

an ensemble of atoms in free space are

d& .
sz/f = +iN(z)o12 (6.1)
do . - ok ik

d;Q = —( +ibw)orz + ig(Ef + Ee’ ") (022 — o11) (6.2)

where &, is the expected value of the forward/backward intra-cavity electric field operator,
N (z) is a function describing the linear atomic density, oy is the amplitude of the atomic
polarization in a two-level atom,~; is the docoherence rate which includes both population
decay rate (y = 1/7') and excess dephasing ( 7, ) and ¢ is the light-atom coupling rate. The
inhomogeneous broadening of the atomic transition is described by dw. We numerically solve
these equations for various atom spacing. The result for emission from the array is shown in
Fig.6.2(a) as a function of the atomic spacing. The maximum intensity is observed when the
atom spacing is a multiple of half of the resonant wavelength. This is consistent with the free-
space Bragg theory[66]. In the case of a continuously driven ring resonator and in the limit
of k > 7, the cavity field with decay rate x can be adiabatically eliminated with light-atom
dynamics approximately described by Eqs.(1)-(2). The mode mixing [67], [68] and coherent
interference in the spatially ordered lattice [66] in the ring resonator gives rise to a standing
wave structure for the scattered light [69]. The atomic lattice acts as a Bragg grating [58]
scattering light in both directions with probability [Bess/(1 + Bess)|? , where Sesy is the
effective ratio of scattering into the resonator mode by the ensemble of the atomic segments
[70] , Noyrg?/k, to that of free space, v, and Ny is the effective atom number contributing
to the scattering process. Compared to the free-space case, B¢ is enhanced in the ring by a
factor of F'/m [71], where F is the equivalent resonator finesse. With standing wave nodes of
the scattered light at the position of the atoms, the scattering loss is expected to reduce[66].
We note that reduction in scattering occurs in all directions due to lower field intensity at the
location of the atoms. This is different from Purcell enhancement or superradiance because
the cavity effect induced by the atoms is not strong enough, or atomic coherence is not

long enough, to affect the spontaneous emission rate. The enhanced photoluminescence is
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because of the reduction in scattering loss imposed by the Bragg resonance. The scattering
loss from the ensemble is approximately given by (14208.57)/(14 Bef5)? , for an optically thin
ensemble. In an optically thick sample, multiple reflections give rise to radiation trapping
and scattering loss, which can still be significantly less than the case of random atomic
distribution[66].

The emission from the ion array is theoretically described by a 1D theory of atoms
coupled to a waveguide [58]. For a single atom in the cavity, the ratio between the spon-
taneous emission into the cavity or waveguide, I'1p to that of the free-space, I', is given
by the cooperativity defined in the main text. In a multilevel-multiatom system, this ratio
is modified due to the non-unity branching ratio[72], atomic position and inhomogeneous
broadening in the atomic transition. It should be noted, for a system in the bad cavity
limit with excess dephasing, there are two different cooperativity to parametrize the system
[73]. For a two-level atom, depending on the application the cooperativity can be defined
as Ny = g*/vk or ng = g*/2ynk where £ is the cavity linewidth, v = 1/Ty , v, ~ 1/T3
and ¢ is the coupling between atom and cavity. For characterizing light-light interaction
and spatiotemporal coherent properties of the atom-cavity system, the quantity ny4 is used.
For emission of a two level atom inside a cavity the definition 7; is more appropriate, as
discussed in Ref.[73]. In our system, the temporal coherence condition needed to observe

photon-photon interaction leading to phenomena like superradiance is not satisfied. For

T
Ts pon

description of PL in a multilevel atom we use n = n; n_

and the branching ratio is Top
Here T, is the spontaneous emission time for a simple two level system from the excited
state to the ground state. As the oscillator strength for Er in silicon materials [73] is similar
to crystals such as YSO, the branching ratio can be estimated from the measurement in
Er:YSO crystal[72]. For Er in silicon, we estimate the branching ratio to be around 0.1. We
calculate the bare cooperativity , n; using the measured FSR, cavity linewidth and assuming
0.7% of mode energy at the ions’ position and find values of approximately 1.25 and 2.25,
for ringA and ringB respectively. To account for the inhomogeneous broadening, atomic
distribution and lattice incommensurability one needs to calculate the effective cooperativ-
ity of each atomic segment of width § = Rdf by calculating the convolution function as

n = [T FN)dA fj\ﬁz nr cos? [k(jag + x)|N (x)dx where f()) is the frequency distribution of
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atomic transitions due to inhomogeneous broadening approximately described by a Gaus-
sian distribution of atomic frequencies, and A/ (z) is the linear atomic density. In the case of
current work, § ~ 40nm and total number of atom segments is 245 and 980 for ringA and
ringB, respectively. For simplicity, we assume a relatively flat inhomogeneous broadening
distribution of atomic frequency in the range where PL drops around { = 1. The effective

cooperativity averaged over all atoms can be calculated using the above equation with its

value less than 0.1.
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Figure 6.2. (a) Result of numerical simulation for total field intensity (7" +
R =|&(z=0)*+|£(z = L)|?) as a function of atom spacing from a lattice
of atoms, which is normalized to that of a random atomic distribution. In
this simulation, 15 atomic segments were considered. (b)Emission probability
plotted using Eq.6.3 for n; =0.25,1.25 and 2.5 (solid lines). The dashed line
shows the Beta probability function approximately describing the decay of the
probability at high cooperativities.

For a perfect point-like ion array (n; = n;) the normalized emission probability from the

ensemble is given by multiplying the transfer matrix of each ion segment as, Ppypqy = | M(12))2,

M(2,2)
where Marray = Ta,N~Tf,N-Ta,N—1-Tf,N—1~-~Ta,1-Tf,1 and
L—mn/2  —ny/2 elfai 0
Ta)j = ) Tf:] = ik (63>
n/2  1+m/2 0 e

are the transfer matrices of the atomic segment j and free-space propagation from the

j — 1 to j segment.
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As the excitation emission wavelength deviates from the lattice spacing, it becomes in-
commensurate with the lattice and therefore the emission drops. Figure 6.2(b) shows a plot
of Parray for ny = 0.25, 1.25 and 2.5. At bare cooperativities close or higher than one, the
probability decays approximately as a beta function. For low cooperativities the decay of

PL emission is more and less Lorentzian.

6.3 Experimetal details

To experimentally study the effects described above, we fabricate microring resonators
using a 500nm thick SiN layer on SiO,. The width and diameter of the ring is 1.5 um
and 150pum, respectively. Er ions were implanted into an ion array, separated by an integer
number of the Er emission wavelength, with a precision of &+ 10nm at the Sandia National
Laboratories. The energy used for the implantation was 200 keV with implantation depth of

50nm. About 10* ions were implanted in a rectangular area of width 20nm along the radius

of the ring.
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Figure 6.3. (a) Schematic cross section of the SiN resonator with Com-
sol simulation of the mode with effective index 1.58 shown in the inset. (b)
Experimental setup showing two lensed fiber precisely controlled inside the
cryostat using nanopositioners to couple light in and out of the sample. Inset
shows the SEM of the ring resonator wall with smooth etching and u-grooved
for fiber-to-chip coupling.
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The sample was then annealed at 1100°C for one hour in nitrogen flow of 5.0 standard
liter per minute (SLPM). A polymer (PMMA) layer of around 1 pm thick was spin coated
on the sample as an upper-cladding after annealing for better mode confinement and also to
fine tune the effective index of the optical mode by varying the thickness of this layer. The
sample was placed inside a cryostat with typical temperature of 4K with two optical fibers
directing light to/from the sample from/to the room-temperature setup outside the cryostat
for measurement. The atoms were resonantly excited by a tunable diode laser. Typical input
power of the pump in the experiments was around 5 ¢ W, below the saturation limit of the
erbium ions. Two AOMs were used to create a pulse to pump the atoms for 6ms and turn it
off for 10-15ms during the photoluminescence (PL) measurement. The PL light was detected

using a single photon detector and counts were averaged over 10° runs.
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Figure 6.4. (a) Measured cavity transmission for the two orthogonal polar-
ization. As the waveguide and ring are design for the TM mode, TM has the
highest coupling while TE has the highest Q factor. The free-spectral range
(FSR) of the two TM and TE modes and effective mode indices match the
COMSOL calculations. The inset shows the fitted Lorentzian cavity transmis-
sion for TE (blue) and TM (orange) modes. (b) Photoluminescence decay of
ions in the resonator is shown under 980nm (off-resonant) and 1.5 g m (on-
resonant) excitation of annealed and not-annealed sample.

The experimental setup is shown in Fig.6.3(a). The fabrication process of the SiN struc-
tures (Fig.6.3(b)) starts with a (100) silicon wafer with 3 pm thermally grown oxide layer.
First, stoichiometric SiN layer of 500 nm is deposited in the horizontal tube furnace of
a low-pressure chemical vapor deposition (LPCVD) tool from a gas mixture of dichlorosi-

lane and ammonia at a temperature of 800 °C. Next, an electron-beam resist of hydrogen
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silsesquioxane (HSQ) is spun over the sample and device patterns. The device patterns(
micro-resonator structures) are written by a 100kV ultra-high resolution, wide-field electron
beam lithography (EBL) tool. Reactive-ion-etching (RIE) is then performed to etch the SiN
using HSQ as an etch mask by an inductively-coupled plasma RIE machine. We use CF4/O,
chemistry to etch the SiN to create almost vertical etching profile (Fig.6.3(a) Inset). This
method enables fabrication of high-Q (~ 107) microring resonators at 1550 nm [74].
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Figure 6.5. Mass spectrum of Er isotopes (inset) and Er, Au and Si ions
measured at Sandia to deterministically select an Er isotope prior to implan-
tation.

In order to efficiently couple light to the waveguide we use a tapered waveguide and
couple the light directly from the fiber to the optical resonators. To have a stable and
low-loss fiber to chip coupling for optical measurements we use patterned substrates with U-
grooves (Fig.6.3(b)) that allow self-alignment of the optical fibers to the waveguides without
any active positioning of the fibers. The grooves can be placed in any orientation of the
wafer using RIE dry etching, a procedure first implemented at Purdue. This method avoids

limitation of the wet etching that requires devices to be precisely aligned to the crystal lattice
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of the wafer. The cross-section of the U-groove shows vertical and smooth sidewall profiles,
defined by the Bosch process. The height of the U-groove is about 65 pm from the bottom to
the nitride layer. It is about half of the diameter of an optical fiber with cladding. Hence, by
simply placing the fiber down into the groove, it allows the fiber core to be aligned with the
waveguide in close proximity. Then fine tuning of the fiber position can be achieved by slight
adjustment of the fiber position using the nanopositioning stages inside the cryostat. The
lifetime measurement shown in Fig.6.4(b) is obtained at different temperature and pump
wavelengths using a single-photon detector.

To implant isotopically pure Er ions, we use the Sandia National Lab’s nanolmplanter
(nl), which is a focused ion beam system with the ability to implant many different ion species
with 10 of nm’s spot size. We first carry out mass spectrometry using a AuSiEr source before
the implantation and select a specific Er isotope using a combination of electric and magnetic
fields (see Fig.6.5). We were able to unambiguously distinguish Er™, Ert*and Ert*7 ions as
well as individual Er isotopes of 164, 166, 168 and 170. We chose '®*Er isotope and carried
out implantation using at 200 keV Er*t™ (100 kV accelerating voltage) and ion fluence of 10

ions/cm™3. The purity of Er isotope is about 90% based on Fig.6.5 data.

6.4 Measurements and results

For measuring the emission spectrum, we test three ring resonators, ringA, ringB and
ringC with 980, 245 and 327 atomic segment numbers, respectively. The bus waveguide
is designed to maximally transmit the TM polarization by tapering the waveguide at the
fiber-waveguide interface. Due to the large width of the resonator, TM1 mode is efficiently
coupled to the resonator with more than 60% coupling efficiency having a loaded Q factor of
about 7 x 10%. The calculated effective index for ringA and ringB for this mode is about 1.58.
Considering this effective index, the Bragg resonance condition is satisfied at about 1520nm
when the atomic lattice spacing is an integer multiple of 1520nm /ness = 962nm. We refer to
this as “commensurate lattice (CL)” at around 1520nm. For ringC, we removed the PMMA
layer on the SiN ring resonator. So, the calculated effective index for ringC for this mode is

about nerr = 1.568 , which, in theory, shifts the resonance condition to lower wavelengths (~
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1508nm). We refer to this as “incommensurate lattice (iCL)” condition where the emission

wavelength centered within the Er emission band does not match the lattice spacing.
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Figure 6.6. (a) Resonance photoluminescence spectrum at 4K (blue bars)
and 300K (red bars). The enhanced emission around 1520nm is a signature
of the Bragg resonance induced by the atomic lattice. Inset shows the ratio
between the peak emission photon number at 1521nm (near the near the Bragg
resonance ) to that at 1532 nm (near the typical Er emission) as a function of
temperature. Inset shows the temperature dependency of the emission ratio
with a dashed line fitted to guide the eye. (b)The PL lifetime is shown for
4K (blue circles) and 300K (red squares). The longer PL decay time around
1535nm is associated with enhanced reabsorption away from the CL condition.

The lowest wavelength that could be reached with our laser is 1510nm. We also note
that the implantation of Er ions and annealing conditions for the CL and iCL samples were
done under the same conditions and the only difference is the PMMA upper cladding layer
and thus the observed effect can not be explained by presence of implantation damage[75],
[76]. The fact that host is amorphous and emission shows pump-power dependency and long-
lifetime (corresponding to erbium ions) confirms that the enhanced emission is not caused
by defects in the hosts.

The emitted mean photon number is measured at every free-spectral range of the cavity.
The resulted emission spectrum at 4K temperature is shown in Fig.6.6 (a). The spectrum
significantly deviates from the emission of the ions at room temperature. The observed peak
emission near 1518nm corresponds to a commensurate lattice with 962nm spacing between

implanted segments. Assuming an effective index of 1.578, the result is in agreement with the
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calculated resonant wavelength value. Taking into the account our experimental parameters
including the spatial atomic distribution width (20nm), inhomogeneous broadening (3nm),
total atom number (107), yield factor of the implantation (10%), branching ratio in Er ions
(0.1), and ion-cavity field overlap (0.5), the estimated fess is about 50. The scattering loss
in this limit can be numerically calculated where signifiant enhancement is expected[66].
The result in Fig.6.6 (a) shows an enhancement of >30, in broad agreement with the Bragg

theory.

6.4.1 Photon-assisted excitations

As temperature increases the PL ratio decreases suggesting suppression of the emission
near the Bragg resonance . This is because of increase in homogenous broadening and
phonon-assisted excitations [77] (confirmed by observation of increased absolute emission
intensity with temperature rise) at elevated temperatures. The emission ratio is plotted
versus temperature as an inset to Fig6.6.(a). The expected homogenous linewidth, =, in
amorphous hosts like silicon nitride is expected to exceed the cavity linewidth, x, at higher
temperatures[78] causing f.sf to decrease . Moreover, presence of phonon-assisted excitation
and also increased inhomogeneous broadening contribute to the reduction of the fB.ss as the
temperature increases. Consequently, the spatial interference and the Bragg resonance effect
from the atoms is suppressed at elevated temperatures. It should be noted, that even though
we observe enhanced Bragg effect from the ensemble at low temperatures, the single-atom
cooperativity is not large enough to alter the atomic decay rate.

The room temperature data in Fig.6.7 provides another evidence of phonon-assisted
excitation for 1532nm transition at room temperature. The fitted FWHM of the cavity
resonance measured on transmission at 1532nm is 2.8 + 0.6 GHz while the FWHM of the
Erbium emission for that wavelength is 7.3 £ 0.6 GHz. The emission is measured by varying
the excitation wavelength around the cavity resonance and collecting emitted photons after
the pump is switched off. The broadening of emission spectrum suggests phonon-assisted

excitation at room temperature.
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Figure 6.7. PL Emission of Er ions (green square) and pump transmission
spectrum (red circle) at room temperature near 1532nm cavity dip.

The emission decay time measured at different wavelengths (Fig.6.6 (b)) shows length-
ening of the lifetime at low temperatures, which we associate to suppression of non-radiative
decay. The lengthened decay time around 1535 nm is due to the reabsorption [79] (radiation
trapping) at the peak (regular) emission wavelength where more atoms exist. The negligible
lifetime change around 1520nm ruling out the possibility of dominant superradiance emission
from the ions near the atomic Bragg resonance condition.

We plot light intensity at around 1521nm ( emission near the Bragg resonance ) relative
to that of 1532nm (near regular emission peak). Figure 2 (c¢) shows that beyond some pump
power, the emission overcomes the re-absorption and enhanced emission is evidenced. Such
enhanced emission is absent for the iCL as the emission signal over the entire spectrum
linearly changes with the atom number. At high pump powers, the PL eventually saturates

for both transitions.

6.4.2 Absence of Sub and superradiant modes

Our system does not lie in the superradiance regime because of the combination of large
inhomogeneous broadening (~ 300GHz, although significant Erbium emission can be seen
across few THz), limited atom number ~ 10° and long excited state lifetime ~ 5ms. The
number of Erbium ions implanted in our sample is in total about ~ 107 for ringA. Considering

yield factor of 0.1, around 10° ions will emit upon excitation. In our system, the cavity will
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work as filter to allow only a fraction of Er atoms to have a strong coupling to the incoming
field. For example, as our cavity linewidth (k) is ~ 3 GHz, only those Er atoms whose
resonance frequency lies within that range, will interact strongly to the field and the effective
2 can be reduced by ~ 100 times. On the other hand, the effective Erbium ions interacting
to the emission mode in the cavity is also reduced by the same factor as the result of the
inhomogeneous broadening, making the total number of ions Ny ~ 10%.

The superradiance regime is reached in the bad cavity limit: k£ > ~,/2, where ~, =
1/7 +1/Ty ~ 1/T5, where 7 is the single-atom lifetime of the excited state and 1/7T5 pa-
rameterizes additional atomic dephasing mechanisms. Another necessary condition to ob-
serve superradiance is Q/Ngsp < 7-'. The last condition to satisfy is 1/To < ¢*Neys/k
or 7/Ty < Nesn. Taking into account the experimental parameters namely 75 of few ns,
Neps ~ 10* and n ~ 1, our system does not lie in the superradiance regime. This also
supports the argument used before, that our system is not in the limit to observe temporal
coherence, which is very important for observing superradiance. This is also the reason,
we do not see significant change in the lifetime of the Erbium decay around 1520nm in our
system. At higher atom number, a regime of mesoscopic cooperative emission can be reached

where both sub and superradiance modes are present[37], [38].

6.4.3 Loss suppression due to atomic geometry

Figure 6.8(b) shows the total photons emitted from the ions in ringA, ringB and ringC
as a function of the spacing parameter, ¢ = nod/mA\, where ng = 1.58. As ringA and ringB
consists of a CL at around 1520nm, we see the enhanced emission near that wavelength.
Whereas, for ringC, the Bragg resonance is shifted to lower wavelengths. The center peak
(¢ ~ 0.992) corresponds to the regular emission around 1532 nm, which is inhomogeneously
broadened. We use a Gaussian function to model the emission centered around 1532nm
with a full inhomogeneous width of about 3nm. The linewidth of the enahnced emission
peak is governed by atomic spatial distribution (with a Gaussian width of around 40nm),
inhomogeneous broadening of the atomic transitions (around 3nm) and number of atoms.

We note that although the number of ions for ringC is more than ringB, the effective atom
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number, taking into the account the Er atomic transition, is less for ringC giving rise to its

broader emission peak.
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Figure 6.8. (a)The ratio between the peak emission photon number at

1521nm to that at 1532 nm as a function of pump laser power. Here, for
the iCL (ringC), near 1520nm, the emission ratio does not depend on laser
power, but for the CL (ringB) the ratio increases with laser power and then
saturates. Such nonlinear response across the emission spectrum in the CL
is expected when emission exceeds the re-absorption probability in the CL.
(b) Normalized emission (probability) as a function of spacing parameter, (, is
plotted for ringA, ringB, and ringC (see text for details). Here ringA and ringB
satisfy the CL condition near 1520nm while ringC does not. The dashed lines
are Gaussian and Lorentzian fits to the regular and Bragg resonance emission
profiles, respectively.

By comparing the fitted amplitudes of the Gaussian (describing PL emission around
1532nm) and Lorentzian distribution (describing the enhanced emission around 1520nm)
functions we observe nonlinear dependence of the relative emission to the atom number.
For an iCL, the ratio between the two emission peaks (around 1520nm and 1532nm) is
independent of the atom number. This is evidenced in Fig. 6.8(a) where power is a proxy
for atom number. We observe that the ratio between the emission near the Bragg resonance
and regular PL emission scales nonlinearly with the number of atomic segments. In the
case of data in Fig. 6.8(b), the resonator with m = 1 (ringA) has four times more atoms
compared to the resonator with m = 4 (ringB). Using the values extracted from the model
plotted in Fig. 6.8(b) we infer a ratio of about 2.4 between the emission near the Bragg

resonance and the regular emission.
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6.5 Fano resonance

The interference between a discrete quantum state and a continuum band of states gives

rise to Fano resonances. The shape of the resonant spectrum can be represented by the Fano

Formula [57]:
+Q)?
E) = D2 (q
o(E) 14+ Q2
where E denotes the energy, ¢ = cot A is the Fano Parameter, A is the phase shift of the
continuum, Q = 2(w — wp)/Aw, where wy and Aw are the resonance energy and width

respectively, and D? = 4sin? A. We use the above equation to fit the emission spectrum in

Fig. 3(b) and extract the g parameter.
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Figure 6.9. (a) Transmitted spectrum of the pump light through ringA with
fitted Lorentzian width of 2.6 £ 0.1GHz. (b) Emission spectrum near cavity
resonance at 1520 and 1532nm for ringA and ringB. The spectrum is fitted
with Fano-Lorentzian lines with asymmetry described by Fano parameter. The
asymmetry in the lineshape of (a) is due to a change in the rate of the scan
which does not appear when a wide scan is used. In the case of (b) the laser
frequency is fixed for each point and the lineshape around 1532nm (green data)
shows a symmetric Lorentzian, as expected from an iCL.

The presence of atomic Bragg condition suggests the possibility of mode interference and
appearance of Fano-type resonances in the system[57]. In our system, the coupling between
the atomic Bragg mode (continuum mode) and the ring resonator (discrete mode) gives rise
to asymmetric emission lines, where phase change of the atomic mode happens very slowly
compared to the ring resonator mode. The asymmetry in the lineshape is characterized by
the Fano parameter ¢ = cot d, where ¢ is the phase shift of the atomic mode with respect

to the cavity mode. This is evidenced by the observed lineshapes in Fig. 6.9(a) and 6.9(b).
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A non-zero Fano parameter is fitted to the emission spectrum centered around 1520nm for
both ringA and ringB while the emission spectrum around 1532nm (green data) is described
by a symmetric Lorentzian function. To obtain this data, we collect PL from the ions after
pump excitation at different frequencies around a single cavity resonance near 1520 nm and

1532 nm.

6.6 Conclusion

In conclusion, we design atomic geometries of erbium ions inside a silicon nitride micro-
photonic resonator and study the effect of geometry on light-atom coupling from the ensem-
ble. We observe that spatial interference at low temperatures from a lattice of ions creates
a Bragg atomic resonance enhancing the emission. The interference between the optical and
atomic Bragg modes is also observed through Fano-type resonance features. The results
indicate possibility of control on light emission, efficiency and lineshapes by engineering the
atomic geometry in solid-state photonics. The investigation offers a unique path to further
engineer active silicon photonic structures for studying cQED interactions between atoms
and photons in an ensemble [80], on-chip photon generation[64], [70], and engineering non-

Hermitian Hamiltonians [68].
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7. ATOMIC ARRAY IN CRYSTAL

Portions of this chapter have been previously published: Nandi, Arindam, Haechan An, and
Mahdi Hosseini. “Coherent atomic mirror formed by randomly distributed ions
inside a crystal.” Optics Letters 46.8 (2021): 1880-1883.

Engineering arrays of atoms as a way to control coherent light-atom interactions has been
the subject of intense research in recent years. Collective interaction of atomic arrays with
optical photons can give rise to directional absorption or emission which enables engineering
of broadband strong atom-photon interactions [81]. It has been suggested that quantum
memories with exponentially enhanced fidelities can be achieved using such atomic arrays
[82]. Trapped atoms and ion arrays in free-space[83], [84]|, within cavities [85], or near
fibers [28], [58] are being investigated for their application in quantum information. So
far, most studies of light interaction with atomic arrays were carried out in laser-trapped
atoms. Engineering interaction Hamiltonian of photons with atoms or defects centers in
solid-state photonics is of great interest from both fundamental and applied aspects. Design
of atomic geometries in solids is challenging as atoms’ location inside solid host cannot be
easily controlled.

We have recently shown that using precision ion implantation in silicon nitride materi-
als, arrays of rare earth ions can be engineered to study collective atomic resonances [86].
Other implantation techniques were also carried out in different materials to study on-chip
light interaction with rare earth ions [87]-[90] . For quantum applications, however, ion im-
plantation can cause damage to the crystalline host as ion leaves tracks by releasing energy
though deceleration, which increases the inhomogeneous broadening and decoherence rate.
Rare earth ions doped inside yttrium orthosilicate (YSO) crystals have shown unprecedented
coherence time as long as six hours[91], [92]. The random distribution of doped ions, how-
ever, does not allow engineering specific distributions of ions. Using spectral hole-burning
techniques[93] the absorption spectrum can be reshaped to store quantum light in rare earth
crystals[94], [95]. Moreover, spatially addressed single rare earth ions were also demonstrated

taking advantage of their spectral broadening [96], [97].
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7.1 Introduction

Recently, there has been great interest in engineering arrays of atoms as a way to control
coherent light-atom interactions. Spatial distribution of atoms can play an important role in
interaction between atomic ensembles and electromagnetic field. Subwavelength confinement
of atoms or atoms arranged in a periodic array can cooperatively interact with photons giving
rise to sub- or super-radiant modes.

In this project, we demonstrate that erbium ions randomly distributed inside a bulk
YSO crystal can be optically engineered to create an effective one-dimensional array collec-
tively and coherently scattering telecom-wavelength photons. We achieve this by spectral
hole-burning the randomly distributed ions via a spatially modulated pump intensity. By
periodic modulation of atomic population between ground and excited state, we create spa-
tial population grating which coherently back scatters light. The effective atomic lattice has
about 5000 centers giving rise to an observed coherent reflection of more than 10 % of the

incoming light.

7.2 Experimental details

The experiment is based on isotopically pure 167Er doping with 0.005 % concentration
inside an YSO crystal. The crystal is 2x3x4 mm with crystal D1 and D2 axes perpendicular
to the optical propagation direction as shown in Fig.7.1 (a). The existence of nuclear spin in
this isotope enables enhancement of spin coherence time to about a second at high magnetic
fields and cryogenic temperatures [13]. The electronic spin coherence time is however limited
by spin-spin coupling and spin-lattice (phonon) coupling processes and is on the order of few
microseconds at 3.5K and small magnetic fields [98]. We use optical transition I113/2 to
[15/2 (site 2) at 1538nm to burn spectral holes in a form of an array and probe the array by
measuring reflection and transmission after spectral hole-burning. Experimental setup and

simulation of coherent reflection is shown in Fig.1.
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Figure 7.1. (a) A one-dimensional array of atomic scatterers is created inside
an Er doped YSO crystal using a standing wave pump (pump A and B) to
create spatio-spectral hole burning. Probe light EA or EB is applied after hole
burning to measure reflection Er or transmission Et, respectively, detected by
single photon detector (SPD). A magnetic field of 200mT was applied parallel
to D1 axis for measurement of coherence time of Er ions. The crystal was
placed in a cryostat at 4K. (b) shows numerical simulation of atomic population
after atoms are pumped with a standing wave light. (c) Simulated coherent
reflection of probe light as a function of optical density.

Here, a single continuous wave (CW) laser (TLB 6700) is used to create two counter-
propagating pump pulses and a probe pulse at wavelength near 1538nm. The linewidth of

the laser is less than 200kHz estimated over a 50ms time interval. Two AOMs were used to
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create pulses from the CW laser. Two counter-propagating pump pulses at 1538nm create
a standing wave inside the crystal where atoms are pumped out of the ground state where
intensity is maximum. After a typical pumping time of 1ms, spectral holes are created at
the anti-node positions of the standing-wave pump giving rise to an effective 1D periodic
ion array. A probe light with frequency close to that of pump follows the pump pulse to

measure transmission and reflection by the ion array.

7.3 Theory

We can theoretically describe the light atom interaction by writing a set of Maxwell-Bloch

equations for atoms’ and fields’ expectation values as

d
75:‘: = :tiNO'lg,:t
dzi
d . , .
012k = —Lo +1A4012,8 —igne€s + ni s

d . * * * *
il -y (ng +1) —i2g¢ (5+0127+ +E& 019 —E oy, — 5_0127_>
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Here & refers to slowly-varying electric field envelope, o15 is mean atomic coherence,
and ng and n, indicate mean atomic population and its variation having the following
relationship: n = 099 — 011 = ng + (n+ei%nz + n,e_ﬁknz>, where 099 and oy; are population
of ground and excited states. The wavenumber of pump beam is k,, the subscript + and
— indicate quantities related to forward and backward propagating fields, respectively. Also
g is single photon coupling rate, N is linear density of atoms, I', is decoherence rate, I, is

population decay rate, and a is light-atom frequency detuning.

The steady state solution of population when £, = £_ = &y is written as

_ B+2
35+2

__b — 8 T4 2702
and ny = g575 where § = 23529 Epump

Ng =
determines the shape of the population grating. At high pump powers, large [ leads to
maximum population grating with ng ~ —% and n, ~ % values. -1 represents ground state,

+1 excited state for ng.
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To account for inhomogeneous broadening of ions in solids, we consider a Gaussian broad-
ening for absorption profile for atoms, N(w) , and integrate the electric field over all frequen-
cies as: €4(0,) = £ [ [ N(w)o12,4 (0, —w)dwdzy, where 015 is mean atomic coherence between
levels 1 and 2, w is light-atom frequency detuning, 4, is frequency of probe relative to pump,
and =+ indicates integration along different propagation directions. The scattering loss and

reflection coefficient can then be obtained, respectively, from the steady-state solution as

1 —exp(aolL)
~ cosh?(a+ L)

r = —tanh(ay L)

where L is the length of the atomic medium and apL and ayL are effective optical
densities due to mean atomic population and its variation respectively. At high optical
densities, the atomic grating can reach a maximum population contrast of 67%. Fig.7.1 (c)
shows the result of numerical simulation of coherent back-scattering for increasing optical
density, assuming constant broadening and decay rates. At high optical densities, the atomic

population grating acts as a mirror coherently reflecting most of the incident light.
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Figure 7.2. a) The population lifetime measured by observing the area of the
spectral hole probed at different delay times after pumping. Inset shows the
linewidth of a single hole in inhomogeneously broadened absorption spectrum.
b) A two-pulse photon echo technique is used to measure the dephasing time at
4K probed by 1538nm light corresponding to the I13/5 to 15/ transition. The
echo area is plotted at varying delays between m/2 and = pulses of duration
0.8us and 1.6us, respectively. The minimum time delay of 2.1us is chosen to
avoid the spontaneous emission caused by the nonideal 7 pulse.

The spectral hole measured by scanning the probe light frequency after a single pump
pulse depopulates ground states of Er ions is observed as enhancement in transmission spec-
trum. The area under the hole is measured for different delay times (Fig.7.2 a) between
pump and probe to identify the population lifetime, 7). To measure ions coherence time,
T,, we use a two-pulse echo technique whereby delaying the timing between two 7 pulses, an
echo signal is recorded. The decay rate of the echo is a measure of homogeneous broadening,
1/T, (Fig.7.2 b). The values of T} and Ty and width of the absorption line as a measure of

inhomogeneous broadening are used in numerical simulations.

7.4 Results

By repeating the hole burning process using a pair of counterpropagating pump pulses
creating a standing-wave pump, we write spatio-spectral holes to create an atomic population

grating. The standing-wave pump inside the crystal burns hole into the absorption spectrum
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only near the antinode locations while atoms near nodes remain in the ground state. Here,
polarization of light is perpendicular to D1 axis, where the absorption is maximum. Such
atomic population grating behaves like an atomic array whose spatially coherent mode gives
rise to coherent backscattering analogous to an optical grating. We note that the spectral
hole in this case is a transient hole where excited atoms decay to the ground state reducing
reflection over time. To better isolate this complex hole burning dynamics and reduce the
spontaneous emission noise, it is possible to optically pump atoms to an auxiliary state
using a stimulated decay process [99]. Fig.7.3 (a) shows the reflection of a continuous probe
light after a pair of counterpropagating pump create the atomic grating. The decay in the
reflection is attributed to decay of the hole as shown in Fig.7.2 (a). In addition, a high-power
probe light itself can induce reduction of the population grating contrast via absorption or
stimulated emission. This is confirmed by delaying the probe pulse with respect to the end
of pumping window. The reflection intensity decays slower when the probe is off. This
is confirmed separately by measuring reflection at lower probe powers. Fig.7.3 (b) shows
measured reflection and its exponential fitting as a function of pump’s duration and power.

The total reflection reaches a plateau at high pump intensities as atomic transitions
saturate. The standing-wave structure of the pump starts to quickly fade as frequency
difference between the two pump pulses increases giving rise to reduced reflection. For a
pump of 1ms duration, a frequency difference of 1kHz results in phase change of order 27
that spoils the standing-wave structure, in agreement with observation in Fig.7.3 (c¢). Using
a 0.005% doped Er : Y SO crystal, we measure a maximum reflection efficiency of about
10% using a 50uW probe. We have also observed that averaged reflection doubles when 1%
doped Er : Y SO crystal is used due to its higher optical density.
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Figure 7.3. (a) Backscattered (reflected) probe after spatio-spectral hole
burning (t=0) as a function of probe time. Reflection drops with time as
population decays and probe washes out the atomic grating over time. By
shifting the start of the probe pulse (ton), probe-induced loss is evidenced.
The spontaneous emission is also shown (pump off, blue circles), which is
negligible compared to the reflected light. (b) Normalized probe reflection
(peak intensity) is shown as a function of pump duration and pump power
(inset). Here, the probe pulse starts at 50us after turning off the pump pulse
to avoid any leakage. The solid lines are exponential fits of form 1—Ael —x /()
used to capture the saturation behavior of the ions. Here A and x0 are the
fitting paramters. A pump power and duration of 1mW and 400us is used
for the main plot and the inset, respectively. A maximum reflection of 10%
is measured from a 50uWW probe, which corresponds to normalized value 1 in
the vertical axes. (c¢) Normalized probe reflection (peak intensity) is plotted
as a fucntion of frequency difference between the counter-propagating pumps,
we — wp, of Ims duration. All measurements were done at 4K and probe
duration is 10ms.

The spectral hole has a linewidth which is ultimately limited by atomic linewidth but in
our case, it is dominated by pump frequency instability during the pumping stage. As the
result, the frequency-dependent probe reflection and transmission is expected to have a profile
matching that of the spectral hole. Fig.7.4 (a) shows the probe transmission and reflection
as a function of probe frequency with respect to the pump frequency. Interestingly, the
reflection appears to have a local minimum at the resonant frequency. This is due to spatial
distribution of atomic excitations near the node of the pump’s standing wave. Because of the
contribution from ions slightly away from the antinode location, incoherent probe scattering

is enhanced near the resonance frequency giving rise to more loss. Such effect has also been
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manifested in laser-trapped atoms near fibers [6]. Such spatial broadening can be reduced
by shortening the pump pulse duration to effectively reduce the pump frequency fluctuation
during the hole-burning stage. This is confirmed by observation of hole-linewidth broadening
when the hole-burning process is extended in time. The probe reflection profile is also plotted
in Fig.7.4 (b) for different pump durations where resonant incoherent scattering is reduced for
short pumping durations. In other words, the pump frequency fluctuation during the hole-
burning process reduces the quality of standing wave and thus spatio-spectral hole burning.
This limits the maximum reflection. Under these conditions, and away from the resonance,
probe reflection increases as it propagates further into the medium interacting with more
atomic layers.

We observe that by increasing the optical density, the total coherent backscattering
efficiency can increase from 10% to 20%. The backscattering efficiency does not necessarily
increase linearly with ion concentration in the crystal. At high concentrations, the dipole-
dipole interaction increases the broadening and decoherence rates of the ions. This problem
can be avoided by creating long photonic waveguides on a low-density crystal surface to
increase the optical depth. As part of future work, we have already fabricated 10mm-
long waveguides with ions inside to increase the optical density without increasing the ion
concentration in the host. The laser frequency stability also plays an important role in
determining the quality of the atomic grating. The waveguide geometry together with laser
stabilization to an external cavity can enable observation of higher atomic reflections to the

point where atomic-induced cavity effects may be observed.

7.5 Conclusions

In conclusion, we have shown that the absorption profile of a randomly distributed ensem-
ble of rare earth ions in a solid-state crystalline host can be engineered to effectively create
a 1D array of atomic scatterers. Coherent interference between light scattered by atoms can
reduce the propagation loss and give rise to coherent backscattering resembling a mirror.
The excited ions near the antinode locations of the pump can be subsequently transferred

to a different ground state via stimulated process [20] to suppress the spontaneous emission.
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Figure 7.4. (a) Probe reflection and transmission spectra at 4K. Inset shows
the result of numerical simulation taking into account the frequency fluctua-
tion of the pumping laser. (b) Reflected probe spectra for different pumping

duration is shown. The probe frequency in both plots is referenced to the
center frequency of the spectral hole.

Our observation can help to enhance quantum light storage[2] and photon generation [70],
[100] from rare earth solids and to further understand collective interactions as an alterna-
tive approach to create photonic cavities hosting ions. The approach uses the full atomic

bandwidth and provides reconfigurable and switchable design of collective resonances.
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8. PREPARATION FREE STORAGE

Quantum memories can store and retrieve arbitrary quantum states of light, which has
applications in long-distance quantum communication and quantum information processing.
Quantum memories are building blocks for quantum repeater architectures that allow long-
distance quantum communications to overcome fiber loss. An optical quantum memory
reversibly maps the photons onto long-lived coherent excitations. There has been much

research devoted to realizing an efficient quantum memory.

8.1 Introduction

Rare-earth ions doped or implanted in host crystals at very low temperatures and high
magnetic fields can have highly coherent quantum states in their valence orbital. For that
reason, rare-earth ions in crystalline hosts have been identified as attractive media for quan-
tum optical applications where record-high coherence times, quantum storage efficiency in
solids, and quantum storage bandwidth have been demonstrated. Among rare-earth ions,
Erbium uniquely possesses optical transitions at 1.5 pum region that matches the telecom-
munication C band. It allows a quantum memory system with Erbium to integrate with
low-loss optical fibers at telecommunication wavelength.

There are still two main disadvantages in most demonstrated long-lived quantum mem-
ories. The first one is that memories are not always scalable. The second problem is almost
universal, which is the time required to prepare quantum memory is much longer than the
actual storage time of the memory itself.

We set up the experiment where the pump pulse itself is modulated in frequency space
to solve this problem. This modulated pulse passes through the inhomogeneously broadened
medium, Erbium-doped YSO crystal. An atomic frequency comb is created instantly after
the modulated pulse passes through the erbium ions. If we send any optical pulse through the
medium, it can store the information and work as a preparation-free quantum memory. We
are also trying to make it on-demand quantum memory by adjusting the storage time with a
pulsed electric field. The applied electric field will shift the energy states of the ions, which in
turn change the frequency spacing A between the peaks of the atomic comb. This shift in A
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will shift the storage time (21/A) according to the applied electric field. By this method, we
are working on the rare earth platform offering the possibility of data storage at the telecom
wavelength making the memory compatible with the existing communication infrastructure.
Implementing on-demand single-photon sources at telecommunication wavelength is another

broader application of the proposed research.

8.2 Traditional AFC memory

In Atomic Frequency Comb (AFC) storage protocol [101], a pulse of light is absorbed by
an atomic Frequency Comb. If the intertooth spacing of the AFC is A, then the light will
come out of a time, t = 1/A. A frequency selective optical pumping can create a comb-like
absorption profile if an atomic medium has large inhomogeneous bandwidth. This is why
rare-earth ions are a popular choice as a storage medium in this protocol as they have large

inhomogeneous broadening and long coherence time.
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Figure 8.1. Schematic diagram of Atomic Frequency Comb. (a) shows the
preparation pulse sequence to create the atomic frequency comb (AFC) struc-
ture. (b) shows The input pulse is stored and comes out as an echo after a
time t = 2w/ A.
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Let’s assume the storage medium consisting ensemble of ions has an excited state |e >,
which is connected to two lower states |g > and |s >. With frequency-selective pumping, the
lg > —|e > transition is spectrally shaped in a way such that the atomic density function
looks like a comb and has a series of narrow peaks of linewidth ~ separated by distance A
spanning a large frequency range. The spectrally shaped atomic density function is called
as atomic frequency comb.

The light pulse that needs to be stored should have linewidth -, larger than the AFC
peak spacings A. To store efficiently, v, also needs to be smaller than the whole frequency
range spanning of AFC. Ideally, then input light can be absorbed by the AFC. This light is
stored as a single excitation in the AFC over all the atoms resonant with the photon. This
forms a collective state, also known as the Dicke state.

This collective state is formed by a coherent excitation of the AFC modes by the incoming
photons. This collective state has a detuning of & = m;A, where n; are integers and A is
the AFC spacing. After the initial excitation, the collective state starts to dephase. The
rephasing happens after a time, ¢ = 2n/A, which results in coherent reemission of light in a
forwarding direction similar to the photon-echo process.

The described process is a quantum storage protocol with a fixed storage time ¢ = 2w/A.
The main problem with these protocols is the preparation times are much longer than the
storage time. As seen in figure 8.1(a), first frequency-selective optical pumping is applied
for the creation of the comb-like structure in the inhomogeneous broadening. Creating a
comb-like structure with good finesse takes a long pulse time. Once the AFC is formed, the

signal is sent to the atomic medium, where the echo is retrieved after the storage time.

8.3 Experimental Approach for preparation free storage

For experimentally achieving the preparation-free storage, we used erbium-doped YSO
crystal with a concentration of 0.005% as the atomic medium. The crystal was kept in
a cryostat with temperatures at 4K for better coherence properties. We used a tunable
continuous-wave laser for excitation at the erbium resonance wavelength. The crystal is

2x3x4 mm with crystal D1 and D2 axes perpendicular to the optical propagation direction.
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The existence of nuclear spin in this isotope enables enhancement of spin coherence time
to about a second at high magnetic fields and cryogenic temperatures. The electronic spin
coherence time is, however, limited by spin-spin coupling and spin-lattice (phonon) coupling
processes and is on the order of a few microseconds at 3.5K and small magnetic fields [98].

We use optical transition i3/ to Ii5/2 (site 2) at 1538nm to create the atomic frequency

comb.
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Figure 8.2. Schematic diagram of the experimental setup for the preparation
free storage protocol. First, the light from the laser is modulated by the
Electro-optic Modulator (EOM). Then it goes to the sample, which is kept
in the 4K cryostat. Then the signal from the ions is mixed with the local
oscillator using a beam splitter (BS) to do the heterodyne detection. We used
a photodetector (PD) for heterodyne measurement.

For creating the atomic frequency comb, we did not use the traditional approach, which
requires a long preparation time. The traditional approach for creating the AFC storage is
discussed in detail in section 3.4.2. Instead, we send the laser light directly to an Electro-optic
Modulator (EOM) as shown in figure 8.2 which creates sideband frequencies along with the
original frequency. When this different frequency of light passes through the atomic medium,
it gets absorbed by a group of atoms that are in resonance with that particular frequency. So,
it creates a comb-like distribution of the density of atoms in the ground state as the erbium
ions absorb modulated light. This comb shape can be controlled precisely by the modulation
parameters of the EOM. The advantage of this process is the creation of the atomic frequency

comb takes much less time and can be efficiently used as a memory protocol.
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After creating AFC, a collective state is formed by a coherent excitation of the AFC
modes by the incoming photons. This collective state has a detuning of &; = m;A, where n;
are integers and A is the AFC spacing. After the initial excitation, the collective state starts
to dephase. The rephasing happens after a time, ¢t = 2w/A, resulting in coherent reemission
of light in a forward direction similar to the photon-echo process.

To improve the signal to ratio and check the coherence properties of the echo, we have used
heterodyne measurements to detect the signal as shown in figure 8.2. The main advantage
of homodyne and heterodyne detection is the gain in the detected signal. The larger the
local oscillator amplitude is, the larger the gain in the detected signal will be. This relation

can be easily seen by this equations:

I  [Esy cos(wsigt + @) + Ero cos(wLOt)]2

1 1
I x §E§ig + iEiO + 2E,ELocos(wsigt + ¢)cos(wrot)

Where Eg4, Ero are the electric field amplitude of the signal and local oscillator, respec-
tively, if we see the last term, it does have the phase information of the signal as well as it
got multiplied by the local oscillator amplitude. So, this kind of detection is beneficial for
sensitive measurements as the linewidth of the modulated signal is much smaller than the
optical linewidth of the signal or local oscillator. So, minimal shifts in the signal’s center

frequency can be measured with this technique.

8.4 Experimental Results

We have collected the results showing the echo by the protocol described above. The
efficiency of this memory depends on the modulation parameters. The results for EOM

modulation frequency at 5SMHz and 10 MHz are presented in the figure below.

95



amplitude (a.u.)

C;

amplitude (a.u.)

2 -1.5 -1 -0.5 0 0.5 1 1.5

Figure 8.3. Experimental results for echo measurements at modulation fre-
quency of 5MHz. Here §/2m is 5 MHz and the echo comes out at every
2n/6 = 200ns.

For a modulation frequency of 10 MHz, as the § increases, 2n/d decreases. So, the echo

will come quicker, and the intensity will increase, as seen in the figure below.
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Figure 8.4. Experimental results for echo measurements at modulation fre-

quency of 10MHz. Here §/2r is 10 MHz and the echo comes out at every
2n/5 = 100ns.

Here, memory efficiency is also good, and more importantly, it can be achieved without

a long preparation time, which is very useful.
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8.5 On-demand memory

One crucial thing about ideal quantum memory is retrieving the data on demand. This
can be achieved by our memory protocol also by manipulating the applied electric field [102].

The control via an electric field can be done in two ways. First, the phase of the output
light can be modified if we apply the electric field between the absorption and emission. On
the other hand, if we use the electric field while the echo is coming out, we can control the
frequency profile of the echo.

To achieve this experimentally, we used a high voltage source that can generate up to
3KV voltage difference and installed a switch that can create fast pulses needed to see this
effect. It is essential to have a practical circuit that can work with this very high voltage
and have very little noise so that the signal can be identified clearly. Also, electrodes on the
two sides of the crystal were mounted to create a significant potential difference along the b
axis of the crystal. It is an ongoing project, and we are still trying to make the experimental

system better for higher detection efficiency and better signal-to-noise ratio.

8.6 Conclusion

In conclusion, this project addresses a fundamental problem in on-demand quantum
memory and finds a practical solution for preparation-free storage at telecommunication

wavelength.
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9. CONCLUSION AND FUTURE DIRECTION

The primary goal in this thesis was to use an ensemble of ions and geometric structure to
enhance light atom interactions and build an atomic array for low loss, efficient quantum
memory. Several theoretical and experimental platforms are presented throughout the thesis,
where we have successfully executed our approach and got the desired results.

In recent years, engineering atomic arrays to control coherent light-atom interactions has
been of great interest. Directional absorption and emission can also result from the collective
emission of atomic arrays with photons. It paves the way for broadband atom-photon solid
interactions. For quantum information research and development, much effort is given to
platforms with trapped atoms and ions in free space, inside cavities, or near fibers. Though,
most of the research is being carried out in laser-trapped atoms. But, there is a great po-
tential for engineering interaction Hamiltonian of photons with atoms or defects centers in

solid-state photonics from fundamental and applied aspects.

9.1 Summary and Conclusion

In the first theoretical project in this thesis, we investigated the role of atomic geometry on
light emission and storage within a ring resonator. We showed that by designing atoms within
a photonic waveguide or resonator, it is possible to boost the efficiency of the interactions
significantly. Furthermore, we showed that an incommensurate lattice of atoms embedded in
a ring resonator could be used to suppress loss and phase noise in the photon retrieval process.
The clockwise and counterclockwise photons can be regarded as sudo-spin 1/2 particles, and
therefore lattice engineering can be used to design active topological quantum photonic
structures eventually. Active elements, including quantum dots, laser trapped atoms, and
rare earth ions integrated with photonic waveguides and resonators, are suitable platforms
for studying cooperative effects in active photonic devices with application in classical and
quantum photonics.

To test the theory results, we started working experimentally in engineering cooperative

light-matter interactions to study many-body interactions, non-equilibrium dynamics, and
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topological photonics to develop quantum photonic systems. For the first time, we design
photonic materials by engineering the geometry of active quantum centers and photonic
modes. We implement a cooperative light-matter interaction scheme in a solid-state photonic
material operating at the telecommunication wavelength. By precision ion implantation of an
array of atomic segments (isotopically pure Erbium ions) in a SiN resonator, we modify the
material’s properties through collective and long-range interactions between hybrid modes of
the system. In this way, we have observed long-range atomic resonance effect and Fano-type
mode interferences between atomic resonance modes and optical resonator modes. Our study
paves the way for the design of active topological materials with enhanced nonlinearity and
controllable multimode dynamics in quantum applications.

In the above project, we were looking for a SiN host. But SiN is an amorphous host, and
implanting ions further degrades the optical properties. So, the inhomogeneous broadening
of Er in SiN becomes quite large, around 400GHz, with a short coherence time, about 5ns.
To improve the optical property and study other interesting effects, we tried to look into
doped crystals. We have a very high coherence time and low inhomogeneous broadening in
erbium-doped YSO. But the problem is doping atom is random, and we cannot create an
atomic array while doping. We can create an array with implanting, but optical properties
degrade significantly in implanting. So, if somehow, we can make an atomic array in a doped
crystal, then we have the best combination possible to study the collective resonances. So,
we did the next project described below to create an atomic array in the Er-doped YSO
crystal.

In the subsequent experimental project, we have shown that the absorption profile of
a randomly distributed ensemble of rare-earth ions in a solid-state crystalline host can be
engineered to create a 1D array of atomic scatterers effectively. Coherent interference be-
tween light scattered by atoms can reduce the propagation loss and give rise to coherent
back-scattering resembling a mirror, giving rise to more than 10% reflection in our system.
More than 90% coherent back-scattering can be achieved by increasing ion concentration
(100x) or creating long photonic waveguides on the crystal surface. Our observation can

help to enhance quantum light storage and photon generation from rare earth solids.
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9.2 Future Direction

We are continuously trying to improve the results of our previous experiments. Here, I

am describing some of the ongoing works I am a part of related to this thesis.

9.2.1 Atomic mirror assisted light trapping

In one of our experimental projects, we have shown that the absorption profile of ran-
domly distributed erbium ions in a YSO can be engineered to create an atomic array ef-
fectively. Coherent interference between light scattered by this atomic array gives coherent
back-scattering resembling a mirror. At high concentrations, the dipole-dipole interaction
increases the decoherence rates of the ions.

This problem can be avoided by creating long photonic waveguides on a low-density crys-
tal surface to increase the optical depth. To solve this, we have fabricated long waveguides
in LiNbO3 with rare-earth ions implanted to increase the optical density without increasing
the concentration. Higher atomic reflections can result in atomic-induced cavity effects. This
can help to enhance quantum light storage and photon generation [70], [100] from rare earth
solids and to further understand collective interactions as an alternative approach to create
photonic cavities hosting ions. The approach uses the total atomic bandwidth and provides

a reconfigurable and switchable design of collective resonances.

9.2.2 Long-range cooperative resonances in Solid-state platform

After our success in implementing a cooperative light-matter interaction scheme in SiN
material operating at the telecommunication wavelength, we investigate improving our result
by choosing appropriate quantum emitter, host, and photonic design. Integrated solid-state
photonics based on lithium niobate (LN) materials provide salable platforms as hosts for
REIs. Furthermore, ion implantation in photonic materials has shown low inhomogeneous
and homogeneous broadenings. In this project led by my lab-mate Dongmin, we have pre-

cisely implanted T'ms, ions in LN micro-ring resonators.
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We showed in this project that cooperative effects could be observed in an ordered ion
array extended far beyond the light’s wavelength. We observe enhanced emission from both
cavity-induced Purcell enhancement and array-induced collective resonances at cryogenic
temperatures. We are still designing geometry for the precise implantation of rare-earth
ions in other host materials to improve our results. The solid-state and multifunctionality of
the materials hosting rare-earth ions can open possibilities of new quantum photonic device
engineering for applications in scalable and multiplexed quantum networks. This work has
been submitted for publication with the title "Long-range Cooperative Resonances in Rare-

Earth Ion Arrays inside Photonic Resonators”[90].

9.2.3 Preparation free storage

I also want to mention the ongoing work in building preparation-free quantum storage.
We propose a novel technique to store optical qubits in a solid-state platform where a long
preparation time can be avoided. To date, most of the demonstrated long-lived quantum
memories have two main disadvantages. The first one is that memories are not always
scalable. The second problem is almost universal, which is the time required to prepare
quantum memory is much longer than the actual storage time of the memory itself.

We set up the experiment where the pump pulse itself is modulated in frequency space
to solve this problem. This modulated pulse passes through the inhomogeneously broadened
medium, an erbium-doped YSO crystal. An atomic frequency comb is created instantly after
the modulated pulse passes through the erbium ions. If we send any optical pulse through the
medium, it can store the information and work as a preparation-free quantum memory. We
are also trying to make it on-demand quantum memory by adjusting the storage time with a
pulsed electric field. The applied electric field will shift the energy states of the ions, which in
turn change the frequency spacing A between the peaks of the atomic comb. This shift in A
will shift the storage time (2r/A) according to the applied electric field. By this method, we
are working on the rare earth platform offering the possibility of data storage at the telecom

wavelength making the memory compatible with the existing communication infrastructure.
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Implementing on-demand single-photon sources at telecommunication wavelength is another

broader application of the proposed research.
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